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Abstract
The fluence correction factor, which accounts for the loss of primary protons and the 
production of secondary particles due to different non-elastic nuclear interactions at water 
equivalent depths in different phantom materials compared to water is an important parameter 
for the dose conversion in clinical proton dosimetry between any phantom material and water. 
Non-elastic nuclear interactions introduce uncertainties in the standard absorbed dose-to- 
water in radiotherapy. This thesis is part of an ongoing project at the UK National Physical 
Laboratory (NPL) focussed on the development of graphite calorimeters for proton dosimetry. 
The fluence correction factor was investigated to give accurate dose conversions from dose- 
to-graphite in a graphite phantom to dose-to-water in a water phantom. The fluence correction 
factors at water equivalent depths have been studied for various dosimetric materials 
including A-150 tissue equivalent, polymethyl methacrylate (PMMA), aluminium and copper 
with respect to water and with respect to graphite. The water equivalence of materials such as 
Plastic Water (PW), Plastic Water Diagnostic Therapy (PWDT) and solid water (WTl) 
phantoms was evaluated using a 60 MeV proton beam at the Clatterbridge Centre for 
Oncology. Plastic-water phantoms are widely used in radiotherapy as a substitute for water, in 
particular for non-reference dosimetry. However, while they are usually made ‘water 
equivalent’ for a particular beam type, they are not universally water equivalent due to their 
different elemental composition and associated different proton interaction cross sections 
(compared to water). Numerous studies of the water equivalence of plastic-water phantoms 
have been reported for photon and electron beams, but none with clinical proton beams. In the 
latter, non-elastic nuclear interactions take place which could potentially influence the water 
equivalence. This thesis evaluates the fluence correction factor at equivalent depths for proton 
energies of 60 MeV and 200 MeV, with respect to both water and graphite. This work was 
performed using analytical model calculations (which incorporate the ICRU-49 (1993) 
stopping power data tables and ICRU-63 (2000) for the total nuclear interaction cross 
sections); Monte Carlo simulations using the FLUKA 2008.3 code; and also experimental 
work at the Clatterbridge Centre for Oncology (CCO) 60 MeV with both modulated and un­
modulated proton beams. The analytical calculations for primary protons indicate an increase 
in the fluence correction at both low and high energies compared to the Monte Carlo 
simulations. When the secondary charged particle were considered in the calculation, the 
fluence correction factor with respect to water was in general close to the unity for graphite, 
A-150, PMMA, aluminium and plastic-water materials in 60 MeV mono-energetic beam. For 
proton energies of 200 MeV, the fluence correction was found to increase to a the order of a
IV
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few percent. The experimental finding for modulated and un-modulated 60 MeV protons 
showed that the fluence correction factor with respect to water is close to unity for graphite 
and PWDT with an uncertainty of 0.2% at lo. The derived fluence correction with respect to 
graphite was also close to the unity for A-150 and plastic-water materials, however, it was 
found to increase with depth to approximately 4% and 6% for aluminium and copper 
respectively (in modulated beam). In general, the experimental results for modulated and un­
modulated 60 MeV proton beams show good agreement with the Monte Carlo simulations for 
modulated and un-modulated beams, yielding small fluence corrections, within the statistical 
uncertainty. For 200 MeV protons, the Monte Carlo simulations showed that the correction 
with respect to water increased with penetration depth giving values of up to 4% for graphite 
and 1.5% for A-150, PMMA, aluminium, copper and plastic-water materials. The fluence 
correction with respect to graphite was found to vary with penetration depth and hence it can 
be concluded that fluence correction factors need to be applied to ensure accurate dosimetry 
for all of the materials used in the current work with a 200 MeV proton beam.
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1 Introduction
Radiotherapy is a very effective tool in cancer treatment; around 40% of the total 
number of patients with cancer are successfully treated by radiotherapy, 11% by 
chemotherapy and others by surgery (Dale, Jones et al. 2009). This provides a strong 
indication of its potence as a cancer treatment modality and why continuing research and 
investigation in this field is justified. The global aim of radiotherapy is to allow a delivery of 
a sufficiently high dose to kill tumour cells and to prevent damage to the healthy surrounding 
tissues within acceptable uncertainty. The dose to the target volume in the patient should be 
delivered with an uncertainty of 5% at 2a (95% confidence level) as recommended by ICRU 
Report 24 (ICRU-24 1976). This 5% value involves a chain of uncertainties starting with the 
uncertainty from calibration procedures in primary standard laboratories and reference 
absorbed dose measurement, ending with uncertainty from planning and dose delivery.
Hadron beams introduce a great benefit for radiotherapy; they provide localized and 
sufficient high dose for deep-seated tumours and for tumours close to a critical organ within 
the recommended uncertainty. The physical characteristics of particle beams consisting of 
protons or carbon ions and the high relative biological effectiveness of heavy ions offer great 
potential for hadron therapy (IAEA-TRS-398 2000) which has been recently facilitated by the 
development of particle accelerators and transport systems. The number of hadron therapy 
facilities around the world is increasing year by year. Currently there are approximately 37 
developed facilities with 84,490 treated patients and 20 facilities are under construction and 
expected to be in operational within 4 years (PTCOG).
Unlike for photon beams, primary standards for the measurement of absorbed dose to 
water for proton or heavier ion beams do not exist. Thus, for ionization chamber dosimetry, 
which is the method of choice for reference dosimetry in the clinic, beam quality correction 
factors for the beam type are required. The chambers are calibrated in term of absorbed dose 
to water for a ^°Co photon pencil beam as recommended by IAEA TSR-398 (IAEA 2000) 
with an estimated uncertainty on the calibration coefficient of typically 0.6%. This, together 
with a typical uncertainty of ~ 1.7 -  2.0 % associated with the beam quality correction factor
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gives rise to a total uncertainty for ion-chamber dosimetry measurements in the range o f 2.0- 
2.3% at l a  (Karger and et al. 2010).
The use of the quantity ‘absorbed dose-to-water’ in radiotherapy ensures uniformity in 
dosimetry between patients, between therapy units and between hospitals. In general, 
standards of absorbed dose to water are usually based on calorimeters, chemical dosimeters or 
ionization chambers (Besserer and et al. 2001; Vynckier 2004). However, calorimetry is the 
recommended method for clinical proton dosimetry in various reports (Schulz and et al. 1992; 
Palmans H., Seuntjens J. et al. 1996; Medin 2010) and others. Nevertheless, its practical use is 
limited to the standard laboratory. Standards of absorbed dose to water in proton and ion 
beams are being developed in at least at six primary standard laboratories five of which are 
based on water calorimetry providing a direct measurement of absorbed dose to water with an 
estimated relative standard uncertainty of 0.6%, and one based on graphite calorimetry which 
requires a conversion procedure from dose-to-graphite to dose-to-water with an estimated 
relative standard uncertainty of 1.4% including 1% associated with the water-to-graphite mass 
collision stopping power ratio (Karger and et al. 2010).
For dose conversion between any phantom material and water, not only water to 
medium stopping power ratios are essential but potentially also the fluence correction factor 
due to non-elastic nuclear interactions which introduces an uncertainty. It was found by 
various studies that the depth dose distribution at water equivalent depths in tissues and in 
different target solid materials varies compared to water (Palmans H. and Verhaegen F. 1997; 
Paganetti 2002; Palmans H., Symons et al. 2002; Schneider, Pemler et al. 2002; Wroe, 
Cornelius et al. 2005; Paganetti 2009). This variation is mainly due to the difference in the 
non-elastic nuclear cross-section at water equivalent depth as well as the different production 
of secondary particles with different cross-section. Therefore, for an accurate dose conversion 
procedure it is important to account for the non-elastic nuclear interactions which the protons 
undergo and the secondary particles produced at water equivalent depth in any phantom 
material as compared to water.
1.1 Aim of the work
A primary standard level portable graphite calorimeter for dosimetry in low-energy 
clinical proton beam has been developed by the National Physical Laboratory (NPL) 
(Palmans H., Bailey M. et al. 2007) based on an earlier tested prototype (Palmans H. and et al. 
2004). This will make dose to graphite measurement at radiotherapy clinics almost as
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accurate as in the primary standard measurements at NPL and will allow a direct calibration 
for ion chambers in proton therapy beam in terms of absorbed dose to water.
This study focuses on evaluating the fluence correction factor due to the non-elastic 
nuclear interactions at water equivalent depths in low energy (60 MeV) proton beams 
employed in treatment of ocular tumours and high energy (200 MeV) proton beam used for 
the treatment of large or deep seated tumours (IAEA-TRS-398 2000) for (i) graphite, (ii) 
some other materials relevant to dosimetry such as polymethyl methacrylate “ PMMA” , 
aluminium and copper (iii) A-150 tissue-equivalent and three different types of plastic-water 
materials, namely Plastic Water® (PW)% Plastic Water® Diagnostic Therapy (PWDT)'’ 
(Vynckier 2004) and solid water (WT1)°. The results of this research were obtained by three 
different methods; experimental measurements, Monte Carlo simulation using the FLUKA 
code and analytical calculation.
Publications of this work can be found in Appendix F.
1.2 Structure of thesis
Chapter 2 provides a historical overview of proton therapy as well as the physical and the 
biological advantages of proton therapy over conventional therapy including a background on 
treatment requirements and facilities. A basic discussion of coulomb interactions and non­
elastic nuclear interactions of protons with matter is presented in chapter 3. A general 
overview of proton dosimetry including reference and relative dose measurements, codes of 
practice and dose conversion and fluence correction factors is given in chapter 4. Chapter 5 
introduces the theory of charged and uncharged particle transport simulations by the Monte 
Carlo method.
Three main methods to evaluate the fluence correction factor were used in this study: 
an analytical model for low-energy and high-energy clinical proton energy in chapter 6, 
Monte Carlo simulations using FLUKA for mono-energetic, modulated and un-modulated 
high and low proton beams in chapter 7 and experiments at the 60 MeV Clatterbridge Centre 
for Oncology (CCO) cyclotron in chapter 8. Chapter 9 summarizes the overall research.
 ^Computerized Imaging Reference Systems, Inc., 2428 Almeda Ave. Suite 316 Norfolk, Virginia 
23513 USA
Similar to  ^ ■ ■
" GAMMEX RMI, Wisconsin, USA
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Chapter!
2 Proton therapy
2.1 Historical overview of proton radiotherapy
Charged particles beams such as protons and heavier ions have been used for 
radiotherapy for approximately 60 years. The first clinical application with a proton beam was 
performed at the Lawrence Berkeley Laboratory (LBL) in 1955. During the 50 years after the 
discovery of the atomic nucleus, two significant events in proton therapy occurred; the first 
cyclotron with energy high enough for cancer treatment application was built in 1930 by E. O. 
Lawrence, and the use of proton beams for deep-seated tumour treatment was suggested by 
Robert Wilson in 1946. Wilson referred to the physical aspects of the proton beam dose 
distribution as an advantage for proton therapy compared to x-ray therapy. He also proposed a 
number of concepts that are still in use today, such as the use of a rotating absorber wheel of 
variable thicknesses for spreading the Bragg peak over thick tumours, and the use of ion 
chambers for dose calibration and monitoring devices (Miller 1995; Smith 2009).
Following the first patient treatment in 1955 at LBL, treatments were performed at a 
few research facilities in the United States, Sweden, Russia and Japan until 1989 when the 
first hospital based proton therapy facilities were built; one for eye tumours at Clatterbridge 
in the UK (Kacperek 2009) and one at Loma Linda University Medical Center (LLUMC) in 
California in 1990 (Slater, Archambeau et al. 1992). Currently, there are two main clinical 
applications for proton beam therapy; ocular tumour treatment using relatively low energy 
protons of approximately 60 MeV, and large or deep-seated tumour treatment using energies 
higher than 150 MeV.
Proton therapy is in general more expensive than intensity modulated photon 
radiotherapy using photons. The ratio of the cost of an efficient state-of-the-art proton therapy 
facility compared to state-of-the-art IMRT was estimated about 2.4 in 2003 (Goitein and 
Jermann 2003) and similar in 2008 (Pijls-Johannesma, Pommier et al. 2008). However, in 
the future it is possible that the cost will decrease further and will be spread among more 
patients (Smith 2009).
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2,2 Ion beam properties for radiotherapy
2.2.1 Physical characteristic of the beam
The physical properties of particles interacting with tissue organs introduce a great 
benefit of proton and ion beam therapy compared to conventional x-ray therapy. It allows a 
delivery of a sufficiently high dose to kill deep-seated tumour cells or stop tumour gi'owth and 
prevent damage to the healthy surrounding tissues. In other words, proton and ion beam 
therapy provide a localized and sufficiently high dose. Weyrather and Debus (Weyrather and 
Debus 2003) have summarized the physical properties as follows;
a) D epth-dose d istribu tion  and  B ragg-peak
As the proton penetrates a target material or tissue it interacts with atomic electrons 
and/or nuclei. As a result of the Coulomb interaction with the orbital electrons it loses its 
kinetic energy and slows down. The maximum loss of energy occurs at the end of the range 
causing a maximum energy deposition within the target leading to the characteristic Bragg 
peak (Fig. 2.1).
2 5 i MeVZu carbori ions
300 MeV/u carton ions
135 MeV protons
s) 3
J.8..MV photons
depth in w ater Icml
Figure 2.1 Depth dose curve for a bremsstrahlung x-ray beam, proton beam and carbon beam
(Weyrather and Debus 2003)
b) Defined R ange
The range is determined by the energy of the beam and the density and stopping 
power of the target tissue. The range straggling at the Bragg peak is due to the fluctuations of 
energy losses along the particle’s track, which depend on the atomic number of the particle.
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The highest straggling occurs for protons and decreases with heavier ions. This explains why 
the Bragg-peak for carbon beam is narrower than for protons.
The defined range of the particle beam provides a precise and localized dose for tumours and 
prevents damage to the healthy tissue beyond the tissue. However, in radiotherapy planning it 
is important to take into account that the range is affected by the /-value (average energy to 
create an electron-ion pair) and different tissues have different compositions and different /- 
values (from 70.8 eV to 74.9 eV for soft tissues only). A variation in the range must be 
considered (Andreo 2009). Up to 0.3 g/cm^, the variation in the Bragg-peak position for 
proton beam is due to the different composition of usually assumed identical tissue (see Fig 
2.2). For carbon beams the change in the depth of the Bragg-peak extends over a range of 
almost 0.7 g/cm^.
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Figure 2.2 Variation o f the depth o f the Bragg-peak for 164 MeV protons in four types o f  soft tissue 
and two types o f muscles, taken from reference (Andreo 2009).
c) Non-elastic nuc lea r reactions
A particle beam undergoes nuclear interactions with the target material. Such 
interactions depend on the type of the charged projectile and the target material. For protons, 
the non-elastic nuclear interactions result in attenuation of the primary beam and emission of 
neutrons, gammas, secondary protons and other charged particles with relatively low energies. 
For heavier ion beams such as carbon, a substantial amount of the primary beam will be 
transferred to lighter nuclear fragments causing a tail beyond the Bragg peak. For higher 
carbon beam energies the ratio of peak-to-entrance dose decreases as described in Fig 2.3 as 
well as the Bragg-peak becoming more broadened due to straggling (Schardt, Elsaesser et al. 
2010).
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Figure 2.3 Bragg-peak o f i o n s  with for different energies in water (Schardt, Elsaesser et al. 2010)
d) L a te ra l scattering
The multiple scattering (due to elastic Coulomb interaction with the target nuclei) 
causes a lateral deflection of light and heavy ions penetrating a target. The multiple small 
angle scattering can be described by Moliere theory and the angular distribution can be 
approximated by a Gaussian function. Heavy ion beams (e.g. carbon) have the advantage of a 
smaller penumbra than proton beam as they penetrate the tissue or organ. Figure 2.4 
(Weyrather and Debus 2003) shows that the broadening of a 270 MeV/u carbon ion beam is 
about 1 mm at 15 cm depth, while for 148 MeV/u proton it is about 4 mm. This allows tighter 
treatment margins for irradiation of a deep seated tumour close to a critical organ by carbon 
ions.
, phoions (21 MeV) —o —  
“C-ions (270 McV/u) — ■—  
protons McV/u}  -------
B
M
0 50 10Ü ISO
depth in water [mui]
Figure 2 .4  lateral scattering for carbon, proton and photon beams as a function o f depth (Weyrather
and Debus 2003)
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The RBE is defined as the ratio between the x-ray dose and the ion dose needed to 
produce the same biological effect (Fig. 2.5) which is here the fraction of surviving tumour 
cells. The shoulder in the photon dose-effect curve represents the repair capacity of the cell at 
low doses. For heavy ions (carbon ions), the shoulder in the dose-effect curve is much 
smaller. This represents a high ionization density at the same dose that reduces the repair 
capacity of cell.
Radiation such as x-rays, gamma rays and electrons used in conventional therapies, exhibit 
the same biological effects when the same dose is applied and is given an RBE of 1. Different 
biological effects occur from the same absorbed dose in a hadron beam, depending on the 
energy and the atomic number of the ions. The RBE is higher for heavy ions than for lighter 
ions e.g the RBE is about 1.1 for a proton beam over the entire range of the SOBP and 
approximately 3-4 for a carbon beam (Paganetti 2002; Paganetti 2003).
0 .5
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Figure 2.5 Definition o f RBE illustrated for cell survival curves with x-ray and carbon ions o f  
different energy (Weyrather and Debus 2003).
High RBE is also associated with lower dependence on Oxygen to have an effect on the 
tumour cell. Thus, Carbon and heavier ions are especially effective to stop or slow the growth 
of radio-resistant and poorly oxygenated tumours (Dale, Jones et al. 2009).
2.3 Facility and treatment equipment
In a hospital-based facility there are many essential requirements to deliver proton 
therapy. For instance the proton energy must be adjustable, which is directly related to the 
depth of the tumour. Whilst aiming to treat different types of tumours at different depths 
protons must be accelerated and tuned over a wide energy range, typically from 60 MeV up to 
250 MeV which correspond approximately to between 3 cm and 37 cm penetration depth in
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water. The beam must be transported to the patient in the treatment room with sufficient dose 
rate (around 2 Gy/min) and uniform intensity (in a range of 1.8 x 10^  ^to 3.6 x 10“  particles 
per minute) and the delivered dose should be optimized. Any proton or ion therapy facility 
consists of three main components; an accelerator, a beam transport system and a beam 
delivery system. These three components will be briefly discussed below.
2.3.1 Proton accelerators
Accelerators are mainly used to generate charged particle beams with a specific 
kinetic energy and direct them towards a target with a sufficient intensity (flux). Many types 
of accelerators have been built for research in nuclear physics, and most of them have been 
modified during the 1980s for the use in proton therapy and heavy ion therapy including 
carbon, oxygen and neon ion therapy.
All accelerator types share some common features, they all require an ion source (ionized 
atoms for ion beams or hot filament for electron beam), electric fields to accelerate the 
particles, focusing elements, magnetic deflectors, extraction systems and housing chamber to 
contain all components in vacuum to prevent the beam from scattering in collisions with 
molecules in the air. They vary in the way they produce the accelerating electric field and in 
the operation of acceleration. They can be classified as (Podgorsak and Agency 2005):
® Conservative energy accelerators, also called electrostatic field accelerators, such as
Van de Graaff and Cockcrofl-Walton accelerators. This type of accelerator is built 
with a straight arrangement of components. When a particle q is placed in a constant 
potential difference V it gains a kinetic energy E=^V and is accelerated in the 
direction of the field. Since the electrostatic fields are conservative, the maximum 
kinetic energy that a particle gains is limited by the largest potential difference 
existing in the machine which is about few MeV. These accelerators are widely used 
in nuclear physics laboratories but not in hadron therapy, where much higher energies 
needed.
® Non-conservative accelerators, are normally built with either a circular arrangements 
of components such as; Cyclotrons, Betatrons, Synchrotrons or a straight arrangement 
of components like a Linear accelerator (LINAC). These accelerators are associated 
with magnetic fields which allow the particle to follow a closed path many times 
crossing an AC electric field at the right time for many cycles. Each cycle adds a
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small amount of energy to the kinetic energy of the particle. This results in a gradual 
acceleration which is not limited by the magnitude of the A.C. field. The final kinetic 
energy obtained by the charged particle may reache hundreds of MeV. Thus, these 
accelerators are widely used for hadron therapy.
2.3.1.1 Cyclotron
Cyclotrons are capable of producing a charged particle beam with a fixed energy, high 
intensity and quasi-continuous current. The first practical cyclotron was developed by E.O. 
Lawrence in 1931. The components of a simple cyclotron are shown in Figure 2.6. It 
comprises of two semicircular metal chambers called ‘dees’ because of their D shape. A 
radiofrequency (RF) voltage with a constant frequency (between 10 and 30 MHz) is applied 
between the two dees. Inside these dees there is no electric field but a uniform magnetic field 
since they are placed between a pair of large magnets facing each other with opposite poles 
(Podgorsak and Agency 2005).
Semicircular dee 
chambers
Electromagnet
Ion Source
Semicircular dee chambers
ilectromaj
Figure 2.6 Schematic diagram o f simple cyclotron (Krane and Halliday 1987)
The Lorentz force law explains how the charge particle moves along a spiral trajectory inside 
the ‘Ds’, and how it reaches its final desired kinetic energy that is independent of the applied 
potential voltage (Krane and Halliday 1987):
F = q{E + vB) 2.1
This means that under the influence of the constant magnetic field in the D, the particle drifts 
in a semicircular orbit with constant speed until it crosses the gap. If, in the mean time, the 
electric field direction has reversed, the particle will again be accelerated across the electric 
field gap, and again it will gain amount of energy E and drift in the other D with an increase
10
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in the radius. In another words, at each half cycle the kinetic energy increases by the same 
amount, as a result the radius also increases. Thus, the circular motion at radius r, is 
maintained by the Lorentz force that presents the centripetal acceleration in Eq. 2.2
TJÎV^
F  = qvB = —  2.2
r
It also maintained by setting the RF generator to a required frequency n=l/^ (called the 
cyclotron resonance frequency) to a constant time t, that the particle spends in one semicircle 
(D).
Tir n m
t =----- —------ 2.3
V qB
So the velocity of the particle increases gradually with the increase of the radius and the 
greatest velocity occur at radius R, the radius of the dee itself.
Therefore, the maximum/final kinetic energy that the particle can reach in Eq. 2.5 is 
proportional to the size of cyclotron and the square of the magnetic field but not the electric 
field between the dees.
Finally, when the particle reaches its maximum energy it is extracted from the edge of the 
cyclotron by an electrostatic deflector and then directed to the treatment room. Since the 
cyclotron produced particles with fixed energy, an energy modulation system is needed in the 
beam line, which consists of a degrader of variable thickness to intercept the proton beam. For 
example, this could be a carbon wedge that can be moved in and out of the beam. As a result 
of energy degradation, there is an increase in energy spread which can be controlled by sets of 
magnets in the beam line.
The first cyclotron built had a 12.5 cm radius, 20 MHz RF, 1.3 T magnetic field and 
was able to produce protons with a kinetic energy of 1.2 MeV. By the end of the 1930s 
cyclotrons with a radius of 75 cm achieved about 40 MeV protons. However, using the same 
technique in classical cyclotrons to produce higher energy accelerated particles fails due the 
decreasing synchronisation between RF and the orbital velocity. Indeed, when the velocity of 
the particle in the Ds approaches relativistic speed, part of the energy serves to increase the 
effective mass. Thus, the particle delays with respect to the RF and eventually it decelerates. 
To overcome this problem the classical cyclotron (uniform magnetic field and constant RF
11
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electric field) has been modified in two ways and two new generations have been developed 
(Krane and Halliday 1987).
2.3.1.1.1 Synchrocyclotron (frequency modulated cyclotron)
In this machine, the magnetic field is kept constant while the RF of the electric field is 
designed to be continuously decreasing so the synchronisation between the RF and orbital 
velocity is maintained. This compensates the delay due to the increase in the effective mass of 
the particles. In this design the particles travel through the frequency modulated cyclotron in 
bunches, and the frequency is swept from its maximum value when the bunch is near the 
centre, to its minimum value when the bunch is in its final orbit and ready to be extracted 
from the cyclotron. Synchrocyclotrons are able to accelerate protons up to several hundreds of 
MeV. The advantage of this design is that the extraction efficiency is of the order of 90% and 
the extracted proton beam intensity is normally more than adequate for therapy. However, the 
huge magnet with the large radius makes them economically and technically difficult to 
exploit. This type of machine was used for radiotherapy at Harvard synchrocyclotron between 
1961 and 2002. (ICRU-78 2007).
2.3.1.1.2 Isochronous cyclotron
In the isochronous cyclotron the RF is constant and the increase of the relativistic mass 
is balanced by the variation of the magnetic field (which increases with increasing orbital 
radius). The magnetic field is made to be divided into many sectors of alternating high and 
low fields by attaching wedge-shape magnets to avoid axial defocusing of the beam (which 
initiates from increasing the magnetic field with the radius). Such a cyclotron is called an 
Azimuthally Varying Field (AVF) or a sector focusing cyclotron. When the particles travel 
between the boundaries of high field and low field sectors they are forced to follow an 
oscillating orbit, see Fig. 2.7. The main advantage of A VF over the synchrocyclotrons is that 
they produce continuous and high intensity proton beams with several hundreds of MeV. But 
they are also expensive and need a large (superconducting) magnet.
At the Clatterbridge Centre of Oncology (CCO) in the UK a Sanditronix MC60 
isochronous cyclotron with a 60 MeV high intensity extracted proton beam has been used for 
treatment of ocular melanoma since 1989 (Cosgrove, Aro et al. 1992; Bonnett, Kacperek et al. 
1993). The experimental presented in the current study was performed at the CCO using 60 
MeV proton beams.
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An isoclironous cyclotron with reduced magnet size and energy consumption has been 
designed by Beecman et al (ICRU-78 2007). A 230 MeV cyclotron was built to this design by 
Ion Beam Applications (IBA) in Belgium (Fig 2.8). This type of cyclotron was installed at 
Massachusetts General Hospital for proton therapy. The magnet is 2.1 m high, 4.34 m in 
diameter and 200 tones in weight. Nine of this type of design proton therapy cyclotrons 
systems are treating patients in different therapy institutions around the world up to date 
(Jongen 2010). In 1993 a compact isochoronous cyclotron using superconducting magnet was 
designed by Bolsser et al. (ICRU-78 2007). For this design, the weight of the magnet has 
been reduced to about 90 tons. Machines based on this design are used at PSI in Switzerland 
and Rinecker Proton Therapy Center (RPTC) in Germany.
Hieh-field sector
Circular T.ow-fie]d sector
Radial
oscillatio
Figure 2.7 Magnetic field sectors in A VF cyclotron (Krane and Halliday 1987)
Figure 2.8 IBA 230 MeV resistive cyclotron for proton therapy 4.34 m in diameter, 2,1 m high, 220
tons weight and 3T magnet (Jongen 2010)
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2.3.1.2 Synchrotron
In synchrotron accelerators both magnetic field strength and RF frequency are varied. 
Unlike in the cyclotron geometry, a series of electromagnets are arranged in an annular 
configuration attached to a narrow vacuum tube ring with constant radius as shown in Fig. 
2.9. The particles are injected to the tube from a LINAC (see next section) with energy of a 
few MeV. They follow a polygonal path with circular bends repeatedly and cross a resonant 
electric field once in each cycle (where the particles are accelerated). Basically, to keep the 
radius constant with increasing acceleration, the magnetic field strength must increase; 
simultaneously, the RF field across the gap must also increase to maintain the resonance 
(Krane and Halliday 1987; Laney and Kooy 2007).
Synchrotrons are well suited for rapid energy changes with little energy spread within 
the beam, unlike the cyclotron that has a fixed extracted energy. They also provide a 
sufficiently high dose rate in pulsed mode. Currents are lower than from isochronous 
cyclotrons but sufficient for radiotherapy.
'eclanexlracled
particles
de^eclinp evacuate
injectad
particles
Figure 2.9 a) A layout o f synchrotron and b) Synchrotron in Anderson proton therapy centre a 
corporation Hitachi, Japan (Laney and Kooy 2007).
2.3.1.3 Linear accelerator (LINAC)
In a LINAC, particles travel in a straight line, hence eliminating the large cost of dipole 
magnets. However, the cost increased for other expenses such as RF units and the cost of the 
LINAC increases with the length the machine, which is proportional to the output beam 
energy (Takeda, Billen et al. 1996). Figure 2.10 illustrates a basic design of LINAC. This 
machine consists of a series of cylindrical electrodes connected alternately to opposite poles 
of an AC voltage. The particles are accelerated as they cross the gap between these electrodes 
and inside each cylindrical electrode 'also called drift tube' they are drifted in a field-free 
region. The time that the particles spend in each tube is equal to half the period of the AC 
voltage or RF. During the time the particles are inside the drift tube the polarity of the voltage
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is reversed. In this way, they are accelerated to the next tube. Each time they cross the AC 
voltage they gain an amount of energy qV, where V is the voltage across the gap. This 
acceleration is only maintained if the entrance of the particles into each gap is in resonance 
with the electric field RF which is constant. Therefore, the length of the drift tubes is 
increasing as the kinetic energy of the particles increases (at non-realistic speed). The kinetic 
energy of the particle after passing n gaps is:
K„=nqV = ^m v l 2.6
Now, if the time of the half-period RF is t!2, then the length of a drift tube, L„, for particles of 
speed, v„, is given by:
j  X A -  m L  t
2 ■ 2m
2.7
At the non-relativistic speed the length of the drift tube increases as However, when the 
particle reaches relativistic speeds the lengths of the tubes become almost constant. The 
length of LINAC machines depends on the application and the mass of the accelerated 
particles. It varies from less than one meter up to 3.2 km (the longest one is the Stanford 
linear accelerator at National Accelerator Laboratory in California for electrons and positrons) 
(Krane and Halliday 1987). Because the mass of a proton is considerably larger than the 
electron mass the length of a proton LINAC machine is longer than that for electrons. Protons 
energies of about 200 MeV could be produced with an accelerator length of ~ 40 m (ICRU-78 
2007). LINACs are often used to provide an initial low-energy accelerated proton to be 
injected to a synchrotron. The first proton LINAC was built in 1972 at Los Alamos producing 
energy of 800 MeV. For radiotherapy, a dedicated proton LINAC design was proposed by 
(Hamm, Crandall et al. 1991) and (Zhou, Zhang et ah 1998). The length of this machine is 
about 28 m and energy of the output beam is between 70 and 250 MeV.
Due to the size required to reach clinical proton energies and technical issues such as RF 
system complexity and beam characteristics, LINAC have not yet been used in the medical 
environment for hadron therapy applications (Delaney and Kooy 2008).
RF
>
Cylindrical electrodes
B eam  
---- ►
Figure 2.10 Schematic diagram for LINAC (Krane and Halliday 1987)
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2.3.1.4 New accelerator technologies
The development of particle accelerators with high energy for medical application has 
not stopped since the first cyclotron was manufactured in 1930 by LBL in California. In 
recent years, the interest in building accelerators for energetic light and heavy ions dedicated 
to radiotherapy has increased through out the world. There is a considerable potential in 
development and improvement of current technologies in providing a new generation of 
accelerators, which are more efficient, more compact and inexpensive. Delaney and Smith 
(Laney and Kooy 2007; Delaney and Kooy 2008; Smith 2009) have summarized the new 
accelerator technologies which have been designed for proton radiation therapy.
a) Superconducting cyclotrons and synchrocyclotrons (one-room proton therapy)
The development of superconducting technology has provided more compact, less 
expensive and lighter cyclotrons and synchrocyclotrons with higher energies. The 
superconducting synchrocyclotron is manufactured by the Still River Company (Fig 2.11). 
The weight of this design is approximately weighted 20 tons, the magnetic field reaches 9 T 
and the beam is extracted at 250 MeV. The design is small enough to be mounted in a single 
room on gantries eliminating large expenses for an additional beam transport system. The first 
beam extracted from this machine was in May 2010 (Papash, Karamysheva et al. 2010).
II
Figure 2.11 Superconducting synchrocyclotron built by Still River the weight is 20 tons and magnetic
field 9 T (Papash, Karamysheva et al. 2010).
16
Fluence correction  factor for various m aterails in clin ica l poroton  dosim etry _________________________________________________________________
Chapter 2  -  Proton therapy
b) Fixed Field Alternating Gradient accelerator (FFAG)
These accelerators combine the advantages of both cyclotrons and synchrotron. The 
FT AGs machines operate in the same way as synchrocyclotrons, and like them allow higher 
pulse rate and higher beam intensity than synclirotron. The idea in an FFAG is to break the 
magnet into sectors with strong radial field gradients, thus providing edge and strong 
focusing, much as in sector-focusing cyclotrons (isoclironous cyclotrons). A further difference 
from a synchrocyclotron is that the central region is removed, creating a ring rather than a 
disc-shape machine. This requires the injection of pre-accelerated beam and allows beam 
extraction at variable energies like synchrotron. More over, the compact size and the ease of 
operation of the FFAG accelerators make them attractive for hadron therapy. For more details 
see (Craddock M.)
The first proton FFAG accelerator in fig 2.12 (Mori and Okabe 2007) was built in Japan 
at the Energy Accelerator Research Organization (KEK) in 1999 and was named the Proof Of 
Principle FFAG (POP-FFAG). After that, several FFAG accelerators were manufactured 
providing energy ranges from 150 to 259 MeV. In the UK, the British Accelerator Sciences 
and Radiation Oncology Consortium (BASROC) has the aim of building a non-scaling FFAG 
for hadron therapy.
Figure 2.12 FFAG (POP-FFAG) at KEK in Japan
c) Laser driven ion acceleration
In recent years there have been rapid developments in lasers of high power rating with 
sizes small enough to be placed in a normal laboratory. Proton or ion beams are produced by 
focusing of high power short laser pulses with an intensity of approximately 10^  ^ W/cm^ or 
higher on a small spot of a thin foil of a few micrometers thickness such as a 5 pm titanium 
foil. The laser pulse causes a huge ionization in the foil and hot electrons escape from the
17
Fluence correction  factor for various m aterails in clin ical poroton dosim etry _________________________________________________________________
C hapter 2  ~  P ro ton  therapy
back side of the foil forming a cloud of negative charge. The sudden loss of electrons gives 
the foil a massive positive charge. As a result a high electrical field electrical field (10^  ^V/m 
~ six times the magnitude of the RF fields in accelerators) accelerate protons located in the 
surface layer on the foil. There are many difficulties facing this application on clinical 
therapy. One of them is the wide energy distribution (5-55MeV) with an abundance of low 
energetic ions and only few high energetic ions. However, it is anticipated that this technique 
will be able to produce 200 MeV proton beams in the near future (Kraf 2009).
Titanium foil with 
proton-rich dot
Laser incidence @
(0 '_ ^ cc e le ra ted  ^
p ro to n s  ,  © -►------------
B low -off  g  ® H ot e le c tr o n
p la sm a  ^
T arget-norm al, 
q u a s i-s ta tic  
e le c tr ic  field
Figure 2.13 Laser accelerator for proton (Delaney and Kooy 2008)
d) The dielectric-wall accelerator (DWA)
The DWA is being developed at the Lawrence Livermore National Laboratory (LLNL) 
in USA and expected to be operational in approximately 4 years. This technology uses high 
electric field gradients of the order of 100 MV/m to accelerate the proton. This will be 
employed for the development of a compact and high accelerator gradient LINAC for proton 
therapy (Caporaso, Mackie et al. 2008; Kraf 2009).
The system of DWA in Fig. 2.14 employs a variety of advanced and new technologies 
such as a high gradient insulator (HGI), solid dielectric material with high bulk breakdown 
strength and photoconductive switches with wide band gap material. The wall of the vacuum 
pipe of the accelerator is made of a HGI which is comprised of alternating layers of conductor 
and insulator with periods on the order of mm or less. This new technique of the insulator 
deflects electrons (the field of electrons that repeatedly bombard the insulator surface) away 
from the insulator surface so that protons can be accelerated uniformly over the entire length
IB
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of the accelerator yielding, a much higher acceleration gradient. The Blumlein stacks on the 
sides of the GHI are comprised of a small transmission lines of Blumlein cells which are 
composed of nanoparticles of BaSrTiO? blended into various bases such as epoxy or silicon 
form a dielectric material with a high breakdown strength which could handle a high gradient 
pulse for the order of few ns. The photoconductive switches are fabricated from SiC (silicon 
carbide) doped with appropriate concentration of impurities. The closing switch initiates the 
voltage pulse in the Blumlein cell. The idea of the closing switch operation is that, when the 
photoconductive material with high breakdown strength is exposed to a laser pulse having 
photon energies below the band gap, electrons and holes form and permit electrodes to be 
placed on opposite sides of the switching material. The carriers recombined very rapidly (<1 
ns) after the removal of the light. The voltages are supplied by individual pulse generation 
lines that are timed to produce a virtual travelling wave of excitation along the tube. The 
development of these technologies helps in reducing the cost and shrinking the length of a 
linear accelerator to a few meters with high acceleration pulse (Caporaso G. J. 2009).
Particle
source
photoconductive
switches
Stack of 
“Blumleins”
‘Çlumlein'
Beam
Figure 2.14 Schematic diagrams o f  a DWA using two stacks o f Blumleins placed on opposite sides o f  
the beam . the right hand figure is cross section of the DWA (Caporaso G. J. 2009)
2.J.2 Proton beam extraction system
The maximal efficiency of the extracted beam from the cyclic accelerators (cyclotron 
and synchrotron) is one of the most important beam parameters. There are several extraction 
techniques for the different types of accelerator. The extraction beam system for C234 
cyclotron (Karamysheva, Kostromin et al. 2010) for example, starts with (i) an electrostatic 
deflector situated only on the valley at the pole edge of the cyclotron magnetic system. After 
going beyond the pole boundary, the beam enters the region of (ii) a high magnetic field 
gradient that decreases sharply along beam direction. In this region the beam is defocused in 
the horizontal direction. Then the beam is focused by (iii) doublet of quadrupole lenses with
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constant magnets. After that, beam enters the beam line. For slow pulse mode accelerators 
such as MD Anderson’s proton therapy synclirotron in Texas (Smith, Gillin et al. 2009), an 
RF extraction signal causes protons to be removed from their acceleration orbit into the 
extraction channel; an electrostatic deflector provides the final stage of the extraction process. 
The operation length cycle of the synchrotron varies from 2.5 s to 6.5 s. One second for 
acceleration and one second for deceleration (Fig 2.15). the maximum extraction ‘flat top’ 
time is 4.4 s which is suitable to be used for spot scanning and the minimum is 0.5 s which is 
used for passive scattering technique.
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Figure 2.15 Andersens’ proton therapy synchrotron operation cycle (Smith, Gillin et al. 2009)
2.3.3 Proton beam transport
This system aims to transport the extracted beam from the accelerator to the required 
location (treatment room) with desired physical parameters. The beam line usually consists of 
a series of dipole and quadruple magnets. The transport of the beam should be stable and 
efficient to achieve a reliable treatment and reproducible dosimetry. The stability of the 
centroid of the beam position and profile are controlled and adjusted by focusing magnets. 
The term tuning the beam is referred to adjusting the beam optic through the beam line to 
transport the given beam to desired location efficiently (Chu, Ludewigt et al. 1993).
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Figure 2.16 Beam transport line (http://nucmed.buffalo.edu/erolbars/)
2.3.4 Beam delivery systems and techniques
The beam delivery system is usually located at the treatment room, lying between the 
end of the beam line (at the vacuum window) and the patient. This system has a number of 
devices and technical components to modify the beam such as; range changing and 
modulation devices, beam lateral spreading and shaping devices. This system also has a 
number of monitors to control the prescribed 3D distribution inside the target volume. In 
order to irradiate the patient from any desirable angle such as in the case of gantry the 
delivery system is extended into the treatment room. The treatment head in the gantry is able 
to rotate as opposed to a fixed horizontal beam line where the patient can be only treated in a 
near-seated position. In the rotating gantry, the beam is deflected by a sweeping magnet and 
the structures are usually large because, protons with therapeutic energies can only be bent 
with large radii and beam monitoring shaping devices have to be positioned inside the 
treatment head affecting the size of the nozzle (Fig 3.17) (Paganetti H.).
All beam delivery techniques aim to optimize the treatment i.e. to maximize the 
delivered dose to the tumour and to minimize it to the sensitive surrounding tissues. These 
techniques are divided into two categories according to the method of beam spreading:
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fast-kicker ( NA3 beam line) 
sweeper magnet
beam monitor 
— range-shifter 
patient table
Figure 2.17 Gantry for PSI spot scanning (PSI)
2.3.4.1 Passive scattering technique
This technique in Figs 2.18 & 2.19 combines several components that modulate the 
energy, the intensity and the shape of the beam resulting in irradiation of the entire tumour 
volume at the same time:
patient
Range-shifter wheel collimator
scatter foils
Sensitive
Organ
compensator
en trail, ce d o s e ’ 
m ax dose
Target
volume
Figure 2.18 Passive scattering technique from 
http://radmed.web.psi.ch/asm/gantry/scan/n_scattering.html
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Figure 2.19 Schematic diagram of CCO beam line delivery (Kacperek 2009)
A high atomic number foil to scatter the beam laterally over a large area. After a 
single scattering foil the lateral intensity distribution of the beam is approximately 
Gaussian and since lateral uniformity of the radiation treatment field should be within 
5%, a collimation of the Gaussian distribution could allow only the centre of the 
beam to meet that requirement. In the case of a small field and small target area such 
as a tumour in the eye this is acceptable. However, for larger field size (larger than a 
few centimetre in diameter) a second foil with different thickness is required. It 
should be noted that, as the field size increases the scattering foil thickness must 
increase resulting in loss of residual treatment range (Miller 1995)
Rotating Range Modulator Wheel (RMW) to spread out the Bragg-peak (SOBP) and 
produce a flat depth distribution over the extension of the tumour in depth (figure 
3.20). The modulator wheel as shown in figure 3.21a consists of several small steps in 
a ‘staircase structure’ of plastic material and open sectors to achieve the differential 
pullback of the proton peak, and variable (angular) widths to achieve differential 
weighting of the shifted peak contribution to the spread out Bragg-peak when the 
RMW rotates at high speed.(Delaney and Kooy 2008). The continuous and the high 
intensity beam made the passive scattering technique relatively simpler for cyclotron 
than for synclirotron. For the pulse mode extracted beam from the synchrotron, the 
appropriate SOBP is achieved by adjusting the duty cycle of the RMW with the 
extracted pulse gate (RF extraction) (Smith, Gillin et al. 2009).
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Figure 2.20 Spread out Bragg-Peak (SOBP)
Figure 2.21 a) Rotating Range Modulator Wheel (RMW) and 
b) Aperture and Plastic range compensator
9 An aperture or beam shaping collimator to define the field laterally. This is usually 
made of brass with a hole shaped to the outer projection of the tumour (Fig. 1.21b). 
Thanks to the low scattering of protons, sharp penumbrae can be achieved with a 
simple collimator design (as opposed to the case for electrons).
9 A (plastic) range compensator to shift the range depending on the largest depth of the 
target volume that should be covered as a function of beam angle or lateral position 
within the field. It also assists on stopping the beam before reaching any critical and 
sensitive organ beyond the tumour. It is shaped carefully to be aligned with back 
shape of the target. (Fig. 1.21b).
The passive scattering technique has many advantages such as safety and simplicity 
however, it tends to be sensitive to the variations in beam position relative to the scatterer. 
The reduced flexibility in shaping the dose distribution in 3D is less important for small or
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regular shapes of tumour. However spot scanning techniques (which will be discussed next) 
can reduce the dose to normal tissue and may be preferred in some situations such as for 
irregular shape of deep-seated tumour close to critical tissues (ICRU-78 2007).
2.3.4.2 Spot scanning technique
With this technique magnetic fields are used to deflect a pencil beam laterally in order 
to cover the tumour volume layer by layer with the Bragg peak. In clinical applications each 
layer is covered by a grid of pixels and the pencil beam is scanned in a row by row pattern 
over these pixels. The variation in energy for these scanning layers can be obtained by 
synchrotron or by a range shifter when a cyclotron is used. During irradiation of the deeper 
layers o f the tumour, the proximal layers are partly irradiated which is accounted for in the 
treatment planning. This technique delivers a true 3-D homogenous dose distribution 
(Delaney and Kooy 2008). It is an adequate method for deep-seated tumour treatment 
especially when a critical organ is beyond and it provides a large uniform field scanning over 
a large area which can extend up to 40 cm x 40 cm. In addition, there is no reduction in the 
range due to beam shaping components like in the passive scattering technique. The main 
advantage of the scanning beam technique compared to passive scattering teclinique is that it 
reduces the dose of healthy tissue close to the tumor as well as there is no material in the 
beam line thus drastically reducing the amount of neutrons generated in the beam line (even 
with a cyclotron beam, the range shifter can be positioned far away from the patient contrary 
to the situation with a passively scattered beam). However, this technique is more sensitive to 
target motion error (Smith 2009).
By applying pencil beam scanning from multiple directions (usually three or four 
entrance angles) Intensity-Modulated Proton Therapy (IMPT) can be realized. IMPT is an 
optimized radiotherapy for cancer treatment, which produces a precisely localized dose 
distribution for the tumour with increase sparing of critical healthy organ (Smith 2009). This 
is considered as one of the advantages of spot scanning technique.
2.3.5 Hadron therapy facilities in the world
The number of hospital-based hadron therapy facilities has increased since the first 
hospital based proton therapy at the Clatterbridge Centre for Oncology (CCO) for eye tumour 
treatment (Kacperek 2009) was established in 1989 in the UK followed by a high-energy 
proton therapy facility at the Loma Linda University Medical Centre (LLUMC) in California
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in 1990 (Smith 2009). Currently, there are 37 developed facilities using heavy and light ion 
beams for cancer treatment are in operation 32 of them are with proton beams. Within the 
next 4 years the number of clinical proton facilities is expected to increase to 52 (PTCOG). 
Table 2.1 below illustrates hadron therapy facilities and number of patient around the World. 
Note, that the table includes those facilities which were operational ceased to be. Table 2.2 
illustrates the facilities which are expected to be operational within the next few years.
Table 2.1 Listing of in operational and ceased to be operational hadron therapy facilities around the
Country Institute Particle
Energy
(MeV)
Beam
direction
Start of 
treatment
Patients
treated
USA-CA Berkeley 184 P C-
I954-I957
closed 30
USA-CA Berkeley He 1957-1992 closed 2054
Sweden Uppsala (1) P C- horizontal
I957-I996
Closed 124
USA, MA Harvard (HCL) P C-I60 horizontal
I96I-2002
Closed
9II6
3000^
Russia Dubna (1) P C- horizontal
I967-I996
Closed 124
Russia,
Moscow ITEP P S-200 horizontal 1969 4246
USA-NM Los Alamos % 1974-1982 closed 230
USA-CA Berkeley c-ion 1975-1992 closed 433
Russia,
Petersburg St. Petersburg P S-IOOO horizontal 1975 1362
Canada Vancouver(TRIUMF) n
I979-I994
closed 367^
Japan Chiba P 70 I gantry
1979-2002
closed 145^
Switzerland,
Villigen
PSI (SIN- 
Piotron) % 72
I980-I993
closed 5458^
Japan,
Tsukuba PMRC (1) P 230
Horizontal
gantry
1983-2000
closed 700
Switzerland,
Villigen PSI - OPUS (I) P 72 horizontal
I984-20I0
closed 5458^
Sweden Uppsala (2) P C-200 I horizontal 1989 1000
UK CCO P C-62 I horizontal 1989 2021"
USA, CA Loma Linda (LLUMC) P S-250
3 gantries 
I horizontal 1990 15000
Belgium Louvain-la-Neuve P C-
I99I-I993
closed 21"
France Nice (CAL) P C-65 I horizontal I99I 4209"
France Orsay (CPO) P C-200 I gentry I horizontal I99I
971 + 
4245"
South Africa iThemba Labs P C-200 I horizontal 1993 511
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USA-IN BloomingtonMPRI(I) P 200 horizontal
I993-I999
closed 220"
USA-CA USCF P C-60 I horizontal 1994 1285"
Japan, Chiba HIMAC c-ion S-800/u horizontalvertical 1994 5497
Canada TRIUMF P C-72 I horizontal 1995 152"
Switzerland,
Villigen
PSI, incl OPTIS 
(2) P C-250
I Gantry 
I horizontal 1996
725
47"
Germany,
Darmstadt GSI c-ion 430/u Horizontal
1997-2009
closed 440
Germany,
Berlin HMI P C-72 I Horizontal 1998 1660"
Japan NCC P C-235 2 gantries 1998 772
Russia Dubna (2) JINR P C-200*** Horizontal 1999 720
Japan HIBMC P S-230 I gantry 2001 2382
Japan-Tsukuba PMRC (2) P S-250 gantry 2001 1849
USA- MA Boston (NPTC) P C-235 2 gantries I horizontal 2001 4967
Japan HIBMC c-ion S-320/u horizontalvertical 2002 638
Italy Catania INFN- LNS P C-60 I horizontal 2002 174"
Japan Wakasa WERC P 200 Horizontal/Vertical
2002-2009
Closed 62
Japan Shizuoka P S-235 3 gantries I horizontal 2003 986
USA-IN BloomingtonMPRI(2) P C-200
2 gantries 
I horizontal 2004 1145
China WPTC P C-230 2 gantries I horizontal 2004 1078
USA-TX Anderson cancer centre P S-250
3 gantries 
I horizontal 2006 2700
USA-FL Jacksonville P C-230 3 gantries I horizontal 2006 2679
China IMPCAS,Lanzhou c-ion S-400/u I horizontal 2006 126
Germany, Munich(RPTC) P C-250
4 gantries 
I horizontal 2009 446
Korea Ilsan, Korea P C-230 2 gantries I horizontal 2007 648
USA-OK Oklahoma City (Procure PTC) P C-230
I gantry
1 horizontal
2 horizontal 
60 deg.
2009 21
Germany HIT,Heidelberg c-ion S-430/U 2 horizontal 2009 400
Germany HIT,Heidelberg P S-250 2 horizontal 2009 40
USA-IL CDHWarren ville P
C-230
I gantry
1 horizontal
2 horizontal 
60 deg.
2010 treatmentstarted
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USA-PA UPennPhlilaelphia P C-230
4 gantries 
1 horizontal 2010 150
USA-VA HUPTIHampton P C-230
4 gantries 1 
horizontal 2010
treatment
started
Japan GHMCGunma c-ion S-400/u
3 horizontal, 
vertical 2010
treatment
started
Poland IFJANKrakow P C-60 1 horizontal 2011 9
Japan
Medipolis
Medical
Research
Institute
P S-250 3 gantries 2011
treatment
started
C cyclotron 
S synchrotron
" ocular tumour patient number
Table 2.2 Hadron therapy facility under construction (PTCOG)
Country Institute Particle Energy(MeV)
Number of 
treatment 
room
Start of treatment 
planned
Switzerland VilligenPSI P SC-250 3 2012
Czech Rep. PTC Czech s.r.o. P C-230 4 2013
Austria Med-AUSTRON, Wiener Neustadt p, C-ion S-430/u 3 2015
Italy ATreP, Trento P
C-230 2 2013
Italy CNAO, Pavia p, C-ion S-430/u 3 2012
Germany HIT, Heidelberg p, C-ion S-430/u 3 2011
China Fudan University Shanghai CC p, C-ion S-430/u 3 2014
USA McLaren PTC, Flint, Michigan P S-250/330 3 2012
Germany WPE, Essen P C-230 4 2011
China HITFil, Lanzhou C-ion 400/u 4 2013
Germany PTC, Marburg p, C-ion S-430/u 4 2011
USA
Northern Illinois 
PT Res.Institute, 
W. Chicago, IL
P SC-250 4 2012
Taiwan
Chang Gung 
Memorial Hospital, 
Taipei
P C-235 4 2011
Russia PMHPTC,Protvino P S-250 1 2011
Slovak Rep. CCSR, Bratislava P C-72 1 No data
Slovak Rep. CMHPTC,Ruzomberok P S-250 1 2011
China SJFH, Beijing P C-230 2 No data
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Sweden Skandion Clinic, Uppsala P C-230 2 2013
USA Bames Jewish St. Louis, MO P SC-250 1 2012
USA
ProCure Proton 
Therapy Center, 
New Jersey, NY
P C-230 4 2012
USA
Scripps Proton 
Therapy Center, 
San Diego, CA
P SC-250 5 2013
USA
SCCA Proton 
Therapy, a ProCure 
Center, Seattle,
WA
P C-230 4 No data
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Chapter 3
3 Interaction of protons with matter
3.1 C oulom b interaction o f protons w ith  m atter
Charged particles are surrounded by a Coulomb field. They interact with one or more 
electrons or with the nucleus along the track in a medium. Since the electrons in solid matter 
are usually bound to atoms, interactions do not occur up to infinite distance from the track of 
the moving particles. The further the electron is from the track of the particle, the smaller the 
impulse it can receive, and hence the smaller the energy that can be transferred to it. Frank H. 
Attix (Attix 1986) characterized the charged-particle coulomb-force interactions with respect 
to the classical impact parameter b vs. the atomic radius, a, to three types of interactions 
becoming dominant for b »  a, b ~ a and b «  a, respectively, as shown in Fig. 3.1. The 
impact parameter, b, in a collision is the smallest distance between the centre of the particles 
and the centre of the atom.
Projectile trajectory
Figure 3.1 Impact parameter in charged particle collisions with atoms, where a is the classical atomic 
radius and b is the classical impact parameter from Attix 1986
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1- b »  a
When a charged particle passes an atom at large distances compared to the atomic 
radius a, the atom will be affected as a whole by the coulomb force from the charged particle. 
The energy loss from the particle to the atom is mainly by excitation and ionization. The 
amount of energy transfer to an atom in the absorbed medium is small (a few eV). However, 
the probability of this type of interaction is higher than for hitting individual atoms. Soft 
collisions are the most frequent of charged particle interactions and they account 
approximately for half of the energy transfer to the absorbing medium.
2- b ~  a ( Knock-On)
When the charged particle passes an atom at a distance comparable to the atomic radius, 
it becomes more likely that the charged particle will interact with a single atomic electron and 
eject it from the atom with considerable kinetic energy. This electron is called a delta ray {Ô- 
ray). Although the probability of a hard collision interaction is small compared to the soft 
collision, the total energy loss of a beam by both interaction mechanisms is comparable.
8-rays are energetic enough to undergo additional Coulomb interactions along a separate track 
from the primary charged particle (called a spur). In addition to this, x-rays and/or Auger 
electrons will be emitted by a hard collision whenever an inner-shell electron is ejected. Thus, 
in a hard collision some of the energy loss could be transported a considerable distance away 
from the primary track.
3- b «  a
In this type of collision, the particle interacts with the external nuclear field. When an 
incident proton passes within an atom, very close to the nucleus, at a distance much smaller 
than the atomic radius, the coulomb interaction takes place mainly with the nucleus. There are 
two cases resulting from such interactions; elastic scattering and inelastic scattering. In the 
first case, the particle does not emit a characterstic x-ray photon and does not lose a 
significant amount of its kinetic energy in the absorbed medium. The main consequence of 
the particle is deflection especially in high-Z material. In inelastic scattering, the incident 
particle transfers some of its kinetic energy to a bremsstrahlung photon or to form an excited 
state in the scattering material nucleus.
The atomic cross section of this interaction is proportional to the square of the atomic number 
(Z^) of the target material, as is the case in elastic scattering. Moreover, it depends on the 
inverse square of the particle mass. Therefore, Coulomb interactions of electrons with the
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external nuclear field have more importance for bremsstrahlung generation than interactions 
of protons and other heavier particles.
5.1.1 Stopping power
The Stopping Power (S) of a material is defined in ICRU-49 (ICRU-49 1989) as the 
rate of energy loss per unit path length which charged particles undergo when traversing the 
material as a result of coulomb interactions with electrons and with the atomic nuclei.
s = - ^
dx 3.1
The total stopping power for a heavy charged particle is divided into two components based 
on the mechanism of energy transfer: electronic stopping, which gives a high contribution to 
the total stopping power, and nuclear stopping power, which on average gives a smaller 
contribution particularly for higher energies. The electronic stopping power represents an 
electronic energy loss due to inelastic collision with electrons of the atoms on or near their 
track due to ionization and excitation. It combines the soft and hard collisions and is also 
called the collision stopping power. The nuclear stopping power for protons depends on the 
energy range of the protons in the specific target material. Compared to electronic stopping 
power, it could be negligible at high energies, becoming more significant at lower incident 
energies. For high Z target material the nuclear stopping power is lower than electronic 
stopping power at all energy ranges (Attix 1986; Ziegler 1999).
dE\ (Æ'] ( Æ )
dx
+
/  total \  /e lectron V J nuclear
Standard units of Stopping Power are MeV/cm. A corresponding quantity is the Mass 
Stopping Power, which is expressed in the unit of MeV.cm^/g and is obtained by multiplying 
the (differential) step length of the projectile with the mass density of the medium. The Mass 
Stopping Power is a useful quantity because it largely removes the dependence on the density 
of the medium, with only a mild residual dependence persisting at high energies due to the 
density-effect, which will be discussed later. In addition the mass stopping power expression 
is useful because it is related to the range of a charged particle in g/cm^ (Turner 1995).
p p dx
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3.1.1.1 Bethe-Bloch equation
As a charge particle traverses a material it slows down and loses its kinetic energy. 
There are two basic approaches used to evaluate the energy loss to target electrons; the Bohr 
approach and the Bethe approach. The former depends on the impact parameter between the 
particle’s trajectory and the target nucleus, and was developed in 1913 before quantum 
mechanics. Bohr evaluated the classical stopping of a heavy charged particle due to an 
electron bound in harmonic potential, while Bethe’s approach depends on momentum transfer 
from the particle to the electrons. In 1933 Bethe presented the first complete solution to high 
velocity stopping power using the first Born approximation and included a relativistic 
correction to the formula. Bloch showed that Bohr’s classical approach based on the impact 
parameter was valid also in quantum mechanics of bound electrons if the energy transfer was 
assumed to be the mean energy loss. He found the bridging formulation between these two 
approaches. A full derivation of Beth-Bloch formula can be found in appendix A. The 
complete expression for the mass stopping power is (Ziegler 1999):
dE An zle^ nZ,
p d x  m^c p '
In -  In 3.4
In this expression:
m-oC^ is the electron rest mass,
nZ2 is electron density of the stopping material (the number of electron per unit volume), 
p is the density of the medium, 
e is magnitude of electron charge,
Zj is atomic number of the particle,
7 is the mean excitation energy,
C/Z2 and <5/2 are shell correction and density effect respectively,
P is v/c, speed of particle relative to speed of light.
For a given p  value, the kinetic energy ,E , of the particle is proportional to its rest mass MqC^  
(which is equal to 938.3 MeV for proton) (Attix 1986).
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3.1.1.2 Stopping Power Number
The stopping power equation can also be written as (ICRU-49 1989)
dE An nZ.
p  p d x
3.5
The quantity L(P) \s called the stopping number and takes into account the fine details of 
energy loss processes, including correction factors in the stopping power equation. It can be 
expressed as a sum of three terms as given in Eq. 3.7
3.6
These terms have the effect of decreasing the stopping power significantly for ions. For 
example, the relative contribution of the corrections considering the case of 10 MeV protons 
in silver are Lo ~ 98.8% 1.1% and zp  L2 - 0.1%. (Ziegler 1999)
1- The termZ^(y0) contains the essential components of Bethe-Bloch formula such as the
maximum energy loss and the mean excitation energy. It also consists of shell correction and 
density effect correction which represent two of the largest corrections to the stopping power 
formula.
i - y
3.7
The first term of Lo(p) in Eq. 3.8 contains parameter AEmax, which is the largest possible 
energy loss in a single collision with a free electron. This is given by Eq. 3.9.
^m ax -
2 /i2 \2m^c p
1 +
2m
■ +
M
3.8
The correction by the right-hand factor between the square brackets in the expression of AE^ax 
above is usually close to unity. The full term of AEmax adds a correction below 0.1% at 1 MeV 
and 0.23% at 1000 MeV and usually contributes only about a 0.01% correction for stopping 
power formula. Therefore AEmax can usually be well approximated by:
2m^c^ P ‘
3.9
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This abbreviation for AEmax is in Eq. 3.9 can be given as v^for non-relativistic
energy.
By substituting Eq. 3.9 in to Eq. 3.8, Lo is converted to an equivalent to the stopping power 
formula in Eq. 3.4 (Ziegler 1999).
The third term in Eq. 3.7 is the mean excitation energy (Ini), The mean excitation 
energy should be determined from experiment or from the calculated mean excitation energy. 
The quantity I  depends on the atomic number, Z, of the element, the physical state of the 
compound and the type of the chemical bounds involve at the molecular level. The /-value for 
a compound can be estimated in the absence of direct experimental information. Since early 
work by Bragg and Kleeman in 1905 (ICRU-37 1984 ; ICRU-49 1989) identified that the 
collision stopping power for a compound can be approximated by the weighted sum of the 
stopping powers of the atomic constituents of the compound. For the mass stopping power 
Scoi/p the additivity rule takes the form:
Scoi/p = Z  (Scoi/p)/ 3.10
where w, is the fraction by weight. This additivity rule is equivalent to replacing, in the mass 
stopping power formula, the quantities Z/A and In/as follows:
%  3.11
ln /= A
In/,
  3.12
where, Z„ A, and /  are for the z* element. It should be noted that <Z/A> is equal to the 
number o f electrons in the molecule divided by the molecule weight (ICRU-37 1984 ).
The fourth term is the shell correction (C/Zf). This plays a role at energies between 1 
and 100 MeV with a correction of about 6% at 10 MeV and 1% at 100 MeV depending on the 
target material. This is considered as a large correction for the stopping power (Ziegler 1999). 
Bethe-Bloch theory assumes that the particle velocity is much greater than the target electron 
velocity. As the particle velocity decreases below that of the velocity of K-shell electrons 
(they are the first affected by insufficient particle velocity, then the L-shell electrons), the K- 
shell electrons not longer participate in the collision process. Consequently the stopping
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power value should be lower than the stopping power in Eq. 3.4, which contains 
overestimated excitation value I. Bichsel in 1968 estimated a combined effect of all shells into 
a single approximation correction C/Z2 to be subtracted from Eq. 3.4.
The correction term C/Z2 is the same for all charged particle types of the same velocity. The 
value of the correction is a function of the medium and the particle velocity. Several 
approaches have been used to determine the shell correction (ICRU-49 1989). One is based 
on evaluating the sum of corrections for individual electronic shells or sub-shells. This 
approach is divided into two methods based on the atomic number of the elements. More 
details about this approach can be found in ICRU-49.
The fifth term is the density effect correction (S/2). It is a correction for the polarization 
effect in the medium due to the passage of the high energy particle. The polarization of the 
atom in the medium results in a decrease in the electromagnetic field on the particle which 
reduces the stopping power. This effect only becomes important when the kinetic energy of 
the charged particle exceeds its rest mass (938 MeV for proton) at which it is about 1% less 
than Bethe-Bloch stopping power Eq. 3.4. At higher energies the stopping power decreases 
even more (to about 7% less at energies of 8 GeV). (Ziegler 1999).
2- The term  Zi Li(P), known as the Barkas correction, is important at low energies and 
is responsible for the slightly different stopping power for positively and negatively charged 
particles of the same type. The Bethe-Bloch equation shows dependence on the charge, z\, so 
there is no difference from charged particles being positive or negative. Experimental results 
show different ranges for particles of the same velocity in the same target but different 
charges. Other experimental results explain an error in scaling of stopping power for particles 
of the same velocity in the same target but different amount of charge. For the Bethe-Bloch 
equation, the stopping of a particle with charge +2e should be four times bigger than the 
stopping power of a particle with charge +le. However, the experimental stopping power of a 
charge +2e particle exceeds this value. One explanation of these effects is that a negatively 
charged particle will repel the target electrons and a positively charged particle will attract 
them which cause an increase in electron density in the vicinity of the track, consequently 
increasing the energy loss relative to the negative charged particles. This effect is more 
obvious at low velocities compared to high velocities.
3- The term ^^^^(y)), known as Bloch correction. This is the smallest correction and it 
is only important for relativistic energies when the projectile velocity is larger than the 
velocities of the atomic electrons. As mentioned above in section 3.1.1.1 Bloch attempted to
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understand the stopping power of high velocity particles. He separated the concept of impact 
parameter into two regions: small impact parameter, where the interactions were similar to 
what Bohr had done, and large impact parameter (b »  a) for relativistic velocities. For the 
later assumption Bloch had added a correction term, L2 , to the Bethe-Bloch formula.
 ^ C , .vV  (, z,a  
Zo oc / In
bv, y
where a is a constant, ao is the radius of a target atom, Vo is the velocity of the target electron 
and b is the impact parameter. For more details (Ziegler 1999).
3.1.1.3 Parameters influencing the stopping power
a) Stopping power and material
Mass stopping power is proportionally dependent on the electron density nZ2  = 
Z2{Na/A). The value Z/A is approximately equal to 1/2 for most atoms with atomic numbers 
less than 20 but can vary considerably with isotopic composition. It can be substantially lower 
for high-Z elements and is substantially larger for hydrogen (=1), Hence the value for 
molecular or compound materials are influenced by the hydrogen content. The mean 
excitation energy I  inside the logarithm term is material dependent and determined by the 
element, physical state of the compound and the type of the chemical bond involved in the 
molecules. Since I  is approximately proportional to Z, then the stopping power is also 
inversely dependent on the logarithm of the atomic number of the stopping material.
b) Stopping power and Projectile charge
The type of the charged particle has a significant effect on the stopping power, as it is 
proportional tozf to first order. For instance, at the same energy the stopping power for alpha 
particles is approximately 4 times higher than for protons. The effect of charge particle type is 
described above {Barkas correction).
c) Stopping power and Projectile mass
The mass of the particle does not appear in this stopping power equation 3.4 thus, the 
stopping power does not depend on the mass of the particle.
d) Stopping power and Projectile Energy
The variation of the stopping power with energy can be seen in figure 3.4 The decrease 
of the stopping power as the energy increases between 0.1 MeV and the rest mass energy (938
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MeV) for protons corresponds to the variation of 1/v  ^ as suggested by the stopping power 
equation. At relativistic particle energies above the (proton) rest mass energy, the stopping 
power gradually increases. At low energies when the velocity of the particle decreases and 
approaches zero the stopping power formula breaks down. As mentioned above in the shell 
correction, when the particle velocity becomes smaller than the velocity of the K-shell 
electrons (followed by L-shell electrons and so on), those electrons no longer contribute to the 
stopping power and therefore the stopping power decreases.
—  water 
graphite
—  aluminium
1,00
Q- DÎ Q) ?5
i i
100.00 -
10.00  -
10000C10000.001
Energy (MeV)
Figure 3.2 ICRU-49 mass stopping power for water, graphite and aluminium.
3.1.1.4 Restricted stopping power
The restricted stopping power {dE/pdx\ is defined as the fraction of collision stopping 
power that includes all of the soft and hard collisions resulting in 5-rays with energies less 
than the cut-off value, A.(Attix 1986). The unrestricted mass stopping power gives the energy 
lost by a charged particle in a medium. This is not always equal to the energy absorbed in a 
target, especially if the target is small compared with the ranges of the 5-rays produced. In 
tliis case, 5-rays and other secondary electrons can effectively transport energy out of region 
of interest and therefore, the restricted mass collision stopping power is introduced. The 
restricted stopping power calculates the energy transferred to a small and a localized region of 
interest by limiting the maximum cut-off energy, A. The choice of the cut-off energy depends 
on the application. For example, for ionization chambers the cut-off energy used is about 10 
keV since the range of 10 keV secondary electrons in air is around 2 mm. For smaller regions 
the cut-off energy is even smaller (for biological and cellular sample the cut-off energy is 
about few hundreds of eV). (Turner 1995).
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3.1.2 Ranges, straggling and multiple scattering of protons
Heavy charged particles such as protons and alpha particles lose a small fraction of 
their energy in any single collision with an atomic electron. Generally, their path is almost 
straight because large deflections are rare. After a large number of collisions and energy 
losses the particle will gradually slow down and consequently the number of ionization events 
will increase sharply forming the Bragg-peak. Just after the Bragg-peak the kinetic energy of 
the particle becomes almost zero and it stops. The range of protons in matter is defined as the 
distance the proton travels until it comes to rest. However, not all protons that start with the 
same kinetic energy in the same medium will come to rest at exactly the same point. This is 
because: (i) Some particles will have different amount of energy losses from collisions along 
their track. This is a statistical fluctuation in energy loss which causes range straggling’, (ii) 
Some particles deflect from their primary track due to elastic interactions with the nuclei of 
the sopping material. As a result the energy loss varies from one point to another, especially at 
the end of the track. This process is so called multiple scattering.
Two approximations can be used to determine the particles range, (i) The straight 
ahead approximation, neglects any angular deflection due to elastic scattering. Here the track 
is assumed to be rectilinear except near the end of the track, (ii) The continuous slowing down 
approximation (CSDA) ignores the energy loss fluctuation, and the charged particles are 
assumed to lose their kinetic energy continuously along their tracks at a rate given by the 
stopping power (ICRU-49 1989).
The CSDA range can be determined by integrating the reciprocal of the total stopping power 
with respect to energy form 0 to initial energy EqI
3.13
The unit of range is g/cm^.
3.1.3 The influence o f 1-value on stopping power ratio
Medin and Andero indicated a difference between Janni 1982 (Janni) and ICRU-49 
stopping powers of about 4%, mainly due to differences in the mean excitation energy. 
However, the /-value enters logarithmically into the stopping power equation. Therefore, the 
relative change of the stopping power is generally smaller than the corresponding relative 
change of /-value, except at low energies (ICRU-49 1989).
39
Fluence correction  factor for various m atera ils in clin ica l voro ton  dosim etry _________________________________________________
C hapter 3  -  Interaction o f  p ro ton s w ith  m atter
The /-values used for water and graphite in ICRU-49 are 75+3 eV and 78+7 eV 
respectively and are similar to those in ICRU-37. However, many studies have showen 
different excitation energies for water and graphite. For instance, in 1992 Bichsel and Hiraoka 
published a value of 79.7 eV for water and 86.8 eV for graphite (Bischel and Hiraoka 1992). 
This increase in /-value for graphite for example would decrease the stopping power by 
around 1.5%. Another analytical model by Emfitzoglou, (Emfietzoglou and et al. 2009) 
indicated that /-value for water was 77.8+1. Burns (Bums 2009) has re-evaluate the excitation 
value for graphite in photon beam to be 82.5+1.5 eV and Kumazaki (Kumazaki, Akagi et al. 
2007) has experimentally determined the excitation value for water in a proton beam to be 
78.4+1 eV. One question is does a difference in the /-value for water and graphite affect the 
ratio of the stopping power. In this study the influence of different /-values on water-to- 
graphite stopping power ratio was analytically investigated.
The ICRU-49 stopping power data tables for protons were used for energy loss 
calculations in the current study. Additionally, some plastic-water material stopping power 
data was not available in ICRU-49 or other data tables. Thus, the Beth-Bloch formula in Eq. 
3.4 was used to calculate the stopping power and Eq. 3.13 for /-value calculations.
3.2 Inelastic nuclear interaction of proton with the 
nucleus
In a comparison between single atomic collision and single non-elastic nuclear 
interactions, the maximum possible energy loss for 10 MeV to 300 MeV protons in a single 
collision with the atomic electron is ~ 0.22%*  ^of the incident proton energy (Turner 1995). 
While, in later interactions the proton loses all its remaining kinetic energy and disappears. 
Even though, the energy loss in single nuclear interaction is much larger than for single 
atomic interaction, such collisions are rare compared to atomic encounters. The ratio is 
roughly proportional to the cross section area of the nucleus compared to that of an atom, i.e., 
10'^Vl0'^^= 10'  ^ (Meyerhof 1967). When, for example, a 60 MeV proton beam is completely 
stopped in water, the number of primary protons is reduced by about 4% along the track (Fig. 
3.3) and this reduction increases with increasing proton energy. This reduction in primary 
protons due to particles which are removed from the therapy beam can result in the 
production of secondary protons and others heavier secondary particles such as deuterons.
 ^Classical maximum energy transfer in single collision for 10 MeV incident proton = fm^E/Mp 
= 4x1 x10/1836 = 21.8 keV, ~ 0.22%.
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tritons, alpha particles and recoil nuclei, as well as neutrons and gamma rays. Therefore, it is 
important to understand and quantify the nuclear interactions with a proton beam.
Ll_
2.50.5
Depth (cm)
Figure 3.3 Fraction of incident primary protons as a function of depth in water for 60 MeV using
FLUKA.
Medin and Andreo described the contribution of the secondary charged particle and the 
primary protons and to the total energy deposited by Monte Carlo calculation (Medin and 
Andreo 1997) in Fig. 3.4. They indicated that 25% of the deposited energy from 200 MeV 
primary protons is due to the secondary particles (secondary protons, electrons and heavier 
charged particles). This emission of secondary particles contributes to the absorbed dose in 
the target region especially, if they have a high-LET value which causes an increase in the 
relative biological effectiveness. The influence of non-elastic nuclear interactions and 
secondary particle production in Bragg peak for 160 MeV proton in water was studied by 
Monte Carlo simulation (Paganetti 2002). The contribution of secondary protons to the total 
dose was reported to be 10% compared to 0.1% for other heavier charged particles such as 
deuterons, tritons and alphas. Another study by (Matsuzaki Y., Date H. et al. 2010) showed a 
contribution of about 16 to 20% around the Bragg peak in a non-modulated 100 MeV proton 
beam.
A fraction of energetic secondary uncharged particles, low energy neutrons and gamma 
rays can also lead to undesirable absorbed dose to the patient out side the target (tumour) 
region.
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Figure 3.4 The contribution o f primary and secondary charged particles for energy deposition for 200 
MeV protons using the Monte Carlo code PETRA (Medin and Andreo 1997)
For the purpose of radiation protection, it is also important to understand the non-elastic 
nuclear interactions of proton and the secondary particles with accelerator components since 
these can lead to the emission of a secondary neutrons and gamma rays during treatment. 
(Chadwick, Jones et al. 1999; Paganetti 2002).
A promising aspect of the non-elastic nuclear interaction in radiotherapy is the positron 
emission tomography (PET) for quality assurance which allows thi'ee dimensional 
retrospective analysis of the dose distribution inside the patient’s body. During the passage of 
a particle beam through body tissue, carbon isotopes ''C  and the oxygen isotope will 
be produced in a fraction of the non-elastic nuclear interactions. These isotopes decay with 
half-lives of 19 seconds, 20 seconds and 2 minutes respectively via the emission of a positron 
and a neutrino (the latter leave the body of the patient). In carbon therapy, '°C, ranges 
differ only slightly from the range of the primary stable and the stopping point can be 
monitored by measuring the coincidence emission of the two annihilation quanta of the 
positron decay, using a PET-camera outside the body without any additional dose to the 
patient. In proton therapy, the range of positron emitters is about a centimetre shorter than the 
primary proton range due to energy threshold of nuclear reaction and fragmentation (Fig. 3.5) 
(Parodi and Enghardt 2000).
42
Fluence correction  factor for various m aterails in clin ical poroton  dosim etry
^=14QMgV
C hapter 3  -  Interaction o f  p ro ton s w ith m atter 
£ 120^ =270.55 MsV
=10000
I
P 8000
^  o 6000» 200
m J  4000CO y
0.5q  z  2000
« Up 
o"WC
5 10
Depth in PMMA (cm )
5 10 15
D epth in PMMA (cm )
0
20
Figure 3.5 ” C,'°C and positron emitters in PMMA 140 MeV proton beam and 270 AMeV carbon
ion beam(Parodi and Enghardt 2000)
For this study it is important to understand the non-elastic nuclear interactions and the 
secondary particles production for protons as they are slowing down in water and other 
different materials relevant to dosimetry. In another words, to understand the fluence of 
protons in different materials (or compound materials that are comprised of different 
elements) compared to water in order to evaluate the fluence correction factor for the purpose 
of accurate dose conversion from dose-to-graphite to dose-to-water (or the water equivalence 
of some plastic-water materials) in a proton therapy beam.
For all the above studies and others that use proton beams, it is necessary to have data 
sets which measure the non-elastic nuclear cross sections and secondary particle production 
cross section for proton beams. The uncertainty on the total interaction cross sections in 
IRCU-63 data is about 10% (ICRU-63 2000) while the uncertainties of the production 
channels can be up to 40%. A result of that is that the total non-elastic nuclear cross sections 
have different values for different data sets. For instance, Seltzer 1993 and Chadwich 1996 
show a difference of about 10% in intermediate energy region between 50-100 MeV as 
shown in Fig. 3.6 (Medin and Andreo 1997).
100
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in c ld s n t  p ro to n  e n e r g y  (MeV)
Figure 3.6 The inelastic nuclear cross section for O. Symbols show data for Seltzer 1993 and solid
line for Chadwick 1995
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Chapter 4
4 Proton dosimetry
4.1 General quantities and units
Exposure is defined as the amount of charge of one sign produced by gamma/x-ray 
radiation per unit mass of dry air. The unit of exposure is the Rontgen (lR  = 2.58xlO '^ C/kg) 
(Turner 1995). This concept is only applicable to low energy electromagnetic radiations 
where slowing down secondary electrons have a relatively small range. The quantity Air 
Kerma is related to the exposure and it is defined as the kinetic energy released per unit mass 
of air at STP, the energy being transferred to secondary electrons as a result of various photon 
interactions; photoelectric effect, Compton scattering and pair-production. Kerma is 
expressed in unit of Gray (Gy), corresponding to the energy released in joule per kilogram 
(J/kg). It has the advantage over exposure in that it is applicable to high energy
electromagnetic radiation and neutrons, the secondary electrons set into motion having
relatively large range, it being immaterial whether these secondary electrons slow down 
inside the volume or not (Rogers 1995).
For directly ionizing radiation such as electrons and protons, but excluding secondary 
electrons, Cema gives the average amount of energy transferred per unit mass from the 
charged projectile in collision with atomic electrons. The unit of Cema is also the Gray 
(Seuntjens J.P. 2005).
Absorbed dose is the primary physical quantity used in radiotherapy dosimetry, applied 
to both directly and indirectly ionization radiations and to materials including air, although 
particularly to tissue and water. It is defined as the energy absorbed per unit mass from any 
kind of radiation in any kind of material. The absorbed dose is expressed in unit of Gray. A 
non-Sl unit of absorbed dose is the rad, where 100 rad = IGy (Turner 1995).
Different types of radiation do not result in the same amount of biological damage for 
the same amount of dose. For instance, radiation with a high LET generally have more 
damage potential per unit dose than radiation with low LET. Thus, dose equivalent is 
introduced. It is defined as the product of the absorbed dose and a radiation weighting factor 
( w r ) ,  which depends on LET. The dose equivalent is expressed in Sievert (Sv) (Turner 1995).
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4.2 Uncertainty calculation
The overall uncertainty of a dosimetry system is determined from the combined effects of 
two types of uncertainty type-A (statistical) and type-B (systematic) (IAEA-SRS-16 2000)
U, =  p l + U l  4.1
The standard uncertainty of type-A, Ua , is identified with the standard deviation, On, of a 
series of a repeat measurements, n (which have Gaussian distribution). Type-A uncertainties 
are those which can in principle be reduced by increasing the number of measurements.
^  J 1 I + A +  +%:
n - 1 4.2
where Xn is the deviation between each reading and the mean which can be calculated by 
subtracting each individual reading from the mean (x„-x). The standard deviation of the 
mean can then be calculated using equation 4.3
4.3
■sin
Type-B uncertainties, Ub, are those which cannot be reduced by repeating 
measurements. They include suspected influences on the measurement process such as, 
temperature, pressure, calibration error etc. In application, ionisation measurements are 
corrected for temperature and pressure using the following equation.
^  101.325 kPa (273.15 + r  °C)
Kjp =--------------------------—— -----  4.4
293.15
where Ktp is the air density correction under standard condition of pressure, P, and 
temperature, T, during the measurement.
4.3 Proton dose measurements
As a precursor to discussion of proton dose measurement, we first note that in essence, 
dosimetry concerns devices or systems that measure either directly or indirectly the radiation 
quantity of exposure, kerma, absorbed dose, dose rate or equivalent dose. The desired 
measurement of such quantity requires sufficient knowledge of the physical properties of the
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absorbing material and the characteristics of the dosimeter such as; accuracy, sensitivity, 
linearity, tissue-equivalent, energy response, LET dependence and spatial resolution etc. Of 
course not all dosimeters can satisfy all of the requirements of these characteristics. The 
choice of a dosimeter is therefore to be made with care, taking into account the requirements 
of the measurement situation (Izewska J. 2005). In radiotherapy for example, dosimeters need 
to have high spatial resolution to verify depth dose distribution, challenged in particular by 
steep dose gradients such as the Bragg-peak, where high dose gradient occurs within short 
spatial range. They are also preferably tissue equivalent to reduce the uncertainty that arises 
from scaling factors. They also need to be precise and accurate since any deviation in dose 
from that prescribed may result in complications. There are number of dosimeters for proton 
beams that are either for standard measurements like calorimetry, chemical measurements and 
fluence based measurements or for clinical situations (relative dosimetry) such as; ion 
chambers. Thermoluminescent dosimeters, diodes, diamond and films dosimeters. The 
operational use of these dosimeters are briefly outlined below.
4.3.1 Fluence measurements
According to its definition, the measurement of fluence is based on determining the 
number of protons N in a beam per unit area A (ICRU-59 1998). The SI unit for fluence is 
cm'^.
0  = N/A
Fluence can also be calculated in a Monte Carlo simulation at a point, p, as the sum of the 
particle trajectory lengths, /, that cross a spherical volume, V, around the point p from many 
directions divided by the volume geometry (Jeffrey V. Siebers 2009):
4 5
V
The fluence differential in energy is given by:
The Faraday cup is the most frequently used device for proton fluence measurements. It 
produces a net charge proportional to the number of protons and is commonly used for current 
measurements in ion beams at accelerators. For absorbed dose measurements, absorbed dose 
in the medium m derived from a fluence measurement is giving by
f  \
— 1.602x10-'° 4.7
)m
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Where (S/p)^ is the mass stopping power of the medium and 1.602x10''° is a factor to convert 
MeV/g to Gy (J/kg), knowing that 1 eV= 1.602x10''^ J.
Faraday cups allow an accurate measurement of the number of protons. They are designed 
with the cup placed in a housing and insulated by a high resistive material from its housing. 
The number of protons is obtained from the charge collected on the collecting electrode. The 
thickness of the collector electrode is sufficient to stop the entire primary beam and all the 
secondary particles produced in it. The diameter of the cup is large enough to avoid 
interactions between the primary beam and the cup wall. The collection efficiency is 
improved by a magnetic field across the cup entrance accompanies a guard ring set at 
negative voltage to prevent secondary electrons produced in the window from entering the 
cup. In addition a small positive voltage is applied to the collector to draw back the secondary 
electrons that are created at the collector by the primary beam and to reject the low energy 
secondary particle that resulted from the nuclear interaction with residual gas in cup (Cambria 
and et al. 1997)
Faraday cups give an accurate dose measurement for narrow beams or pencil beam used 
in spot scanning therapy. The difference of dose measurement for Faraday cup against ion 
chambers and calorimeters has been reported to be 1.6% (Palmans H. 2009). For a broad 
beam the major uncertainty for the measurements is due to the determination of the field area 
and beam geometry aspect like collimator scatter. Several studies reported a disagreement 
between 5% to 10% with respect to ion chamber and calorimeters (Karger and et al. 2010).
Fluence can also be determined by an Activation measurement. This method is based 
on measuring the activation of e.g. carbon sample using '^C(p.pn)"C reaction. A sample of 
known number of '^C atoms is irradiated at a phantom surface. Then the number of incident 
protons can be derived from the number of "C  produced based on a known value of the 
production cross section.
The advantages of this method are that it can be used in high dose per pluse beams like 
synchrotron and is independent of the field size as long as the field is larger than the sample. 
The disadvantage of this method is that an accurate value of the "C  production cross section 
is required (Palmans H. 2009; Rogers, Cygler et al. 2009; Karger and et al. 2010)
4.3.2 Calorimeter
Calorimetry is a fundamental dosimetry method which directly measures the absorbed 
dose in a material of interest by measuring the change in temperature rise, AT in °C due to 
energy deposited by ionizing radiation. The dose in the material, Dm, is related to the 
temperature via the specific heat capacity, Cp, in J kg"' °C ' at constant pressure.
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D„ = c ,  AT 4.8
This assumption is correct under the condition that no physico-chemical changes take place 
in the calorimeter material. To account for the occurrence of such changes the heat defect is 
introduced. It is well known that the main difficulty faced by water calorimeters is the 
conversion of the deposited dose to enthalpy changes in chemical reactions (free radicals 
creation). These reactions may create heat (exothermic) or absorb heat (endothermie). An 
endothermie heat defect means that a fraction of the energy deposited does not appear as heat 
in the calorimeter material, whereas an exothermic heat defect means that extra heat is 
liberated in radiation-induced chemical reactions resulting in a larger temperature rise (ICRU- 
59 1998).
The use of calorimeters requires a good understanding of the chemical heat defect, thermal 
heat conduction and convective displacements o f the calorimeter material as well as good 
isolation to prevent heat exchange between the material and the environment. In proton 
beams, inhomogeneities like the glass vessel in water calorimeters and the gap in graphite 
calorimeters are not significant compared to photon and electron beam due to the scattering 
properties of protons if the water equivalent thickness of these non-calorimeter materials is 
adequately accounted for (Palmans H., Bailey M. et al. 2007).
Thermistors wired in a bridge circuit are commonly used to determine the change o f 
temperature. They are made of semi-conductors which show a large change in resistance for a 
small change in temperature. This high sensitivity is needed since, for instance 2 Gy 
absorption dose in water leads to a temperature rise of about 0.5mK (McEwen 2009).
Such dosimeters are not available at radiotherapy clinics but they are used for absolute 
dosimetry at standards laboratories for primary absorbed dose to water. For proton or ion 
beams standards of absorbed dose to water are being developed at about six primary standard 
laboratories five are based on water calorimeter: Physikalisch-Technische Bundesanstalt 
(PTB) (U. Ankerhold 2011) for carbon ion beams, Swiss Federal Office of Metrology 
(METAS) (Sassowsky and Pedroni 2005; Stucki G. 2007) and Van Swinden Laboratory 
(VSL) (Dijk 2009) for proton beams, and one is based on graphite calorimeter at NPL 
(Palmans H., Bailey M. et al. 2007). (Karger and et al. 2010)
A-150 tissue equivalent plastic has also been used as calorimeter material but has the 
problem that it exhibits a substantial endothermie heat defect of approximately 4 + 1.5 % 
(Schulz and et al. 1990). No use of water equivalent plastic materials for calorimetry has been 
reported.
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4.3.2.1 Water calorimeter
The first water calorimeter has been developed by Domen in 1980 (Domen 1980). The 
most significant advantage of this calorimeter is that it offers a direct measurement of the 
absorbed dose to water in a water phantom. Absorbed dose to water is directly obtained from 
the measured temperature rise and accurate knowledge of the specific heat capacity. The 
chemical heat defect (exothermic or endothermie depending on impurities and or dissolved 
gases in water) was experimentally investigated for proton and ion beams by several studies 
(for more details refer to chapter 21) by Palmans (Palmans H. 2009). Water calorimeters have 
beam developed for clinical proton beam by Palmans (Palmans H., Seuntjens J. et al. 1996), 
Schulz (Schulz and et al. 1992), Medin (Medin 2010) and others .The overall uncertainty for 
water calorimeter dosimetry is about 0.6% and the uncertainty assigned to the chemical heat 
defect is considered to be the largest one for water calorimetry. Recent studies by Medin 2010 
(Medin 2010) and Sarfehnia 2010 (Sarfehnia, Clasie et al. 2010) suggested a value of 0.3- 
0.4% for the chemical heat defect.(Karger and et al. 2010).
4.3.2.2 Graphite calorimeter
Recently, the NPL has been developing a primary standard portable graphite 
calorimeter for dosimetry in low-energy clinical proton beam (Palmans H., Bailey M. et al. 
2007) based on an earlier tested prototype (figure 3.6) (Palmans H. and et al. 2004). This will 
make dose to graphite measurement at radiotherapy clinics almost as accurate as in the 
primary standard measurements at NPL and will allow a direct calibration for ion chambers in 
proton therapy beams in term of absorbed dose to water.
jackgt
f . -, core
calorimeter
itjTO|oam_____^__
backing
graphite
temperature controlled body
expanded polystyrene
Lateral cross section 
of core + jacket:
Cross section along beam 
axis of core + jacket:
Figure 4.1 The small-body portable graphite calorimeter (Palmans H. and et al. 2004)
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Graphite is an excellent alternative material for calorimetry due to its assumed 
negligible heat defect (Schulz and et al. 1990) and its high sensitivity since the specific heat 
capacity is approximately 6 times smaller than water (McEwen 2009) as well as its low 
atomic number which is close to biological tissue and water. However, the thermal 
conductivity is high and the need for thermal isolation is essential to prevent heat exchange 
with the environment. The main problem facing graphite calorimeter is the uncertainty due to 
the conversion of dose-to-graphite to dose-to-water. The fraction of uncertainty associated to 
water-to-graphite stopping power ratio, Sw.g, is 1% which is the largest part of the overall 
standard uncertainty of 1.1-1.4% on absorbed dose to water derived from graphite calorimetry 
(Karger and et al. 2010). Another contribution to the uncertainty related to dose conversion is 
due to the difference in inelastic nuclear interaction cross sections in graphite as compared to 
water. A part of this work aims to evaluate the fluence correction factor due to this difference. 
Table 3.3 below summarizes the most important properties for water graphite and A-150 for 
the use as calorimeter (lCRU-78 2007)
Table 4.1 Properties of materials for calorimetry (ICRU-78 2007)
Property water (4“C) graphite A-150
Heat defect (%) 0.0 ±0.5 0.0 ±0.3 4.0 ±1.5
Specific heat (J Kg*' K’*) 4205 710 1720
Thermal diffiisivity (m  ^per s) 1.44x10'’ 0.80 X 10"* 2.72 X 10'’
Temperature rise per unit dose (mK per Gy) 0.24 1.41 0.58
4.3.3 Ionization chamber
Ionization of air inside a chamber cavity using ionization chambers is the basis of 
routine dosimetry in the radiotherapy clinic. The advantages of ionization chambers are that 
they have log-term stability, direct read out capability and high accuracy and precision. The 
typical overall relative uncertainty of the ionization chamber for beam calibration in 
radiotherapy clinics is between 2 - 2.3% where ~ 1.7% is associated with the beam quality 
correction factor (Karger and et al. 2010). Cylindrical ionization chambers (e.g. Farmer type 
chambers, FWT-IC18 and 2611 chambers) are used in the entrance plateau or the SOB of 
high-energy clinical proton beams. Plane-parallel ionization chambers (e. g. Markus, NACP- 
02 and Roos) are commonly used for depth dose measurements as well as for reference 
dosimetry in low-energy clinical proton beams, especially for SOBP.
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It is well known that ion chambers are operated at the saturation region of the voltage- 
current curve which enables accurate and precise dosimetry since ah charges that are created 
by radiation are collected. The current is then proportional to the radiation fluence or dose 
rate. Ions and electrons that are created by ionization in the chamber cavity are separated and 
collected by applying an electric field (electrode of opposite polarity). Figure 2.7 describes 
the basic components of the plane-parallel ion chamber (Larry A. DeWerd 2009). Basically, it 
consists of two plane walls facing each other with the air cavity in between. One serves as an 
entry window and high-voltage electrode, while the other serves as back wall with a circular 
collecting electrode surrounded by a guard ring. The thickness of the front window is 
designed to be much thinner than the range of the secondary electrons; it is for example made 
of 30 pm of polyethylene in a Markus, 1 mm of PMMA in a Roos and 0.6 mm of graphite in 
an NACP-02. The sensitive air volume is a disc shape defined by the two parallel walls and 
the collecting electrode. Its height does usually not exceed 2 mm. A uniform parallel electric 
field is generated between the inner surface of the window and the collecting electrode thanks 
to keeping the guard ring at the same voltage as the collecting electrode. Thus, ions that are 
generated in the sensitive part of the cavity will be collected by the electrode. The effective 
point of measurement. Peg-, is taken to be on the inner surface of the entrance window, at the
electric field
collector
HV In su la to r-
Figure 4.2 Schematic diagram o f parallel-plate ion chamber (Larry A. DeWerd 2009)
4.3.3.1 Measurement of absorbed dose using ion chamber
Since the energy lost per charge in air (the average energy required to produce an ion 
pair, W, 33.9 eV, is constant and independent of electron energy, the amount of collected 
charge in the air cavity, M q , of known volume, ;«cav, is related the absorbed dose in the air, 
Dair, by Eq. 4.9. (Rogers 1995).
=
K,r Mo
777,
4.9
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The absorbed dose in any material of interest (in Eq. 4.10), water for example, D^ ,, is 
measured by inserting the ionization chamber into the material, using Bragg-Gray cavity 
theory, understanding that ionization in the air cavity is generated by charged particles which 
enter from the surrounding material. However, Bragg-Gray cavity theory ignores the fact that 
the wall of the air cavity is made of material other than the medium (often made of graphite) 
and for example the electrode in the cylindrical chamber is frequently made of aluminium, so 
the presence of these materials as well as the cavity cause some degree of perturbation of the 
charged particles fluence distribution. Such corrections are called perturbation correction 
factors (as mentioned below).
4.10
Where s^ ,air is the water to air mass collision stopping power ratio.
4.3.3.2 Absorbed dose to water and beam quality factor
In radiotherapy clinics, ion chambers are calibrated in terms of absorbed dose to water. 
IAEA TSR-398 (IAEA 2000) recommends calibration of the chambers in term of absorbed 
does to water in ^Co gamma radiation beam using beam quality conversion factor, ko.Qo, 
since no primary standard for proton beams exist. The formalism for determination of 
absorbed dose to water at the reference depth deg in water for a proton beam of quality, Q, is 
obtained from the ion chamber reading M q (corrected for influence quantities) at the reference 
point by:
D-w,0 = Mq Nd.w,Qo kQ,Qo 4.11
Where Nd,w,qo is the absorbed dose to water calibration coefficient of the ion chamber in a 
reference calibration beam of quality Qo (usually ^°Co). The beam quality correction factor, 
ko,Qo, is ideally obtained by direct measurement of absorbed dose to water in both beam 
qualities Q and Qo.
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Theoretically, kq^ oo, can be calculated by using Bragg-Gray cavity theory and the absorbed 
dose to air formalism AT>,o;> developed in previous protocols such as IAEA TRS-277 and TRS- 
381. The correction factor ko,oo can be obtained from the water to air mass stopping power 
ratio Sv;,air, the mean energy required to produce ion pair in air in °°Co beam and proton beam, 
Wair and Wair respectively, and the overall perturbation correction factors, pq, for both 
radiation qualities:
_ (‘^ w,a;r)g (^o/r)o Pq
4.3.3.3 Perturbation correction factors
In proton beam dosimetry, perturbation correction factors are taken to be unity with 
different relative uncertainty (IAEA-TRS-398 2000). They are classified as:
P ( Q ) =  (Pdis, Pwall, Peal a n d  Pcav)
Pdis corrects the effect of replacing a volume of water with the chamber cavity when the 
reference point of the chamber is taken to be at the chamber centre. For a plane-parallel 
ionization chamber this correction is not applicable.
Peel corrects the response of the chamber for effects of the central electrodes (usually made of 
aluminium but can be made of graphite). For plane-parallel ionization chamber this correction 
is not applicable.
P^ aii corrects the response of the ionization chamber for the non-water equivalent wall of the 
ion chamber. In proton beams, the influence of secondary electrons is not larger than 0.5%. 
Therefore, the correction of Py^ aii is taken to be equal to unity with a combined relative 
uncertainty of 0.6% for both plane-parallel and cylindrical ion chambers.
Pcav corrects the response of the chamber for effects related to scattering difference for both 
secondary electrons and heavier secondary particles between the cavity and the medium. The 
uncertainty of Pcav that corresponds to the secondary electrons is assumed to be negligible, 
similar to the case of high energy photons (°°Co). The uncertainty for heavier particles 
contribution is taken to be 0.3% for both parallel and cylindrical ion chambers (IAEA-TRS- 
398 2000)
The Monte Carlo study of (Palmans H. and Verhaegen F. 1998) shows a difference in 
response to proton beams between ionization chambers with different wall material due to 
secondary electrons. This difference results in a perturbation correction of about 1%. Another
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experimental and Monte Carlo work by Palmans et al. (Palmans, Verhaegen et al. 2002) in a 
75 MeV proton beam shows a perturbation correction for plane-parallel ionization chamber of 
about 0.6%.
In the present study a NACP-02 parallel ionization chambers (0.6 mm graphite wall) 
were used for depth-dose distribution measurements in different materials in a 60 MeV proton 
beam. The ionization readings M q were not converted to absorbed dose since our analyses are 
based on the ratio of charge readings corresponding to depth dose distribution for different 
materials. Taking the ratio of the ionization charge for two materials provides straightforward 
value for the fluence correction factor. The wall perturbation correction was assumed to be 
the same for different phantom materials since the measurement was based on the ratio of the 
M q reading from the same NACP 02 ion chamber.
4.3.4 Semiconductor Dosimetry
4.3.4.1 Silicon diode
Silicon diodes are well suited for relative dosimetry. They are usually used for regular 
checks and in vivo patient monitoring. They provide excellent spatial resolution (suited for 
high-dose gradients because of their small volume typically < 0.1 mm^) with good sensitivity 
(charge collect per unit dose) (ICRU-78 2007).
The operation of this detector is based on the properties of the p-n junction with reverse 
bias. Radiation incident upon the junction (depleted region) produce electron-hole pairs as it 
passes through. Electrons and holes are swept away under the influence of the electric field 
and with proper electronics, the charge movement produces a pulse that can be recorded 
(Nicholas Tsoulfaidis 2010). In most cases Si diodes are operated without external bias, in the 
so called photovoltaic mode, where the intrinsic depletion region is used to produce charge 
flow (ICRU-78 2007).
Compared to ionization chambers silicon diodes are considered to be more efficient 
since the energy required to produce an electron-hole pair in Si is 3.5 eV compared to 34 eV 
in air (Khan 2010), and because in the small sensitive region (-0.1 mm^) the charge carrier 
can be collected in a time of the order of -10 '’ s (this time in gas-filled detectors is -  
milliseconds) (Nicholas Tsoulfaidis 2010). Thus diodes with small collection volume can 
provide an adequate signal. In addition, a study for Hi-p-type and n-type silicon diodes 
(Grusell and Medin 2000) found that the Hi-p-type has almost the same response as a parallel- 
plate ionization chamber in depth-dose distribution measurements. On the other hand, the n- 
type diode (after high accumulated dose) over-responds in the Bragg-peak by -  15% (Fig
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4.3). The reason for this over-response can be found in ICRU-78 page 77. However, a recent 
study by (Kaiser, Bassler et al. 2010) for a silicon photodiode showed a significant 
degradation of 1.9% per Gy for proton exposure and 0.7% per Gy for carbon ions exposure. 
Another study at HCL® shows that the relative sensitivity of a diode decreases over time. The 
accumulated radiation damage to the diode junction during 5 years (in routine use) reduced its 
sensitivity by -  40%. It also showed that one degree increase in temperature causes -  0.6% 
increase in response. (Newhauser, Burns et al. 2002). Pacilio et al. (Pacilio, De Angelis et al. 
2002) showed good agreement of silicon diode response with ionization chambers however 
they also found -  24% decrease in silicon diode response for an accumulated dose of 300 Gy 
(over one or two days of measurements). Such lattice damage is dependent upon the type of 
particle, greater damage resulting from heavier particles. Thus, the sensitivity of diodes 
depends on their radiation history and hence the calibration has to be repeated periodically.
% 50-
0 50 100 150 200
Depth in water (mm)
Figure 4.3 Relative depth dose distribution measurement in 173 MeV proton beam in water using a) 
Hi-p-type silicon diode in solid line, b) NACP ion chamber in squares, and c) n-type silicon diode in
broken line.
4.3.4.2 Diamond
Diamond has demonstrated attractive properties for dosimetry applications in 
radiotherapy. It is almost tissue equivalent (Z=6 compared to Z^g =7.4 for soft tissue), 
chemically it is not toxic, presents mechanical stability, high radiation hardness, high thermal 
conductivity and high sensitivity to radiation. Diamond detectors have a small sensitive 
volume (few mm^) which allows the measurement of dose distribution with excellent spatial 
resolution for high gradients e. g. for narrow proton beams in radio-surgery. They also have 
very small temperature dependence (0.1% per °C or less) and they are waterproof which is 
well suited for water phantoms.
HCL closed in 2002. About 9116 patients were treated in HCL. All equipment moved to NPTC.
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Diamond are also very attractive semiconductor detectors because of their high charge 
carrier mobility. The theory of the diamond detector is very similar to that of diode detectors. 
In summary, when a voltage is applied to the diamond electrode terminals (p-n) a depleted 
region on the order of 5 to 10 pm  ^ is created. When it is exposed to ionizing radiation it 
produces electrons and holes that are atti'acted to the opposite polarity, producing an electric 
signal. The excited electrons migrate from the valence band to the conduction band, and some 
of them get trapped in the forbidden band (in impurity traps). This creates an electric field 
opposite to the applied bias, known as polarization effect in diamond. It is this polarization 
effect that reduces the signal as dose rate is increased, a major problem in making suitable 
diamond detectors. As the radiation dose increases the signal decreases and reaches an 
equilibrium value. Once the equilibrium of trapped electrons is reached, the ionization current 
is proportional to the dose. Thus, in order to stabilize diamond detectors dose response, they 
should be pre-irradiated before each use. The amount of the pre-irradiation dose depends on 
the quality of the diamond, as determined by the impurity concentration (nitrogen, boron, 
aluminium, and other trace elements). Typically 5 Gy in needed to stabilize the traps (Das. 
2009).
The stability of diamond detectors for dose measurement in radiotherapy applications 
using proton beams was studied by (Vatnitsky, Khrunov et al. 1993; Vatnitsky, Miller et al. 
1995) and many others. The diamond detectors are LET dependent.A a study by Pacilio et al. 
(Pacilio, De Angelis et al. 2002) shows that the sensitivity of diamond detector is limited with 
depth or energy. Their results show that diamond detectors underestimate the dose by 7% and 
17% in the middle of the end of the SOBP region of the modulated beam respectively (Fig.
4.4).
10 15 20
depth (mm)
Figure 4.4 Depth dose curves for modulated and un-modulated proton beam in water. Solid line for 
parallel-plate ionization chamber. Squares & diamond shapes for diamond detector.
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4.3.5 Thermoluminescent Dosimetry
Thermoluminesecent dosimeters (TLDs) are based on the property that various doped 
media (typically certain crystal types) can store energy transmitted to them by radiation, being 
subsequently stimulated through heating to re-emit this energy, generally in the form of 
visible light. When ionization radiation bombards a crystal such as LiF, CaF2, CaS0 4  doped 
with various impurities such as Ti, Mg, Tm, Cu....etc, the energy given to the electrons may 
bring about several results, as for instance the electron acquiring sufficient energy to move 
from the valence to conduction band. The electron might alternatively acquire sufficient 
energy to move to an excited state. An exciton, consisting of an electron and a hole bound 
electrostatically, can migrate through the crystal. Electrons and holes may then be caught in 
the many doped traps that exist in the solid. Trapped carriers remain in place for long periods 
of time if the temperature of the crystal is relatively cool, eg at room temperature. If however 
the temperature is raised, the probability of escape increases. As electrons and holes are then 
made free they return to the ground state, typically emitting visible light. The result of such a 
measurement is the emission glow curve (typically including a number of glow peaks e. g. 
LiF:Mg,Ti has 5 glow peaks each corresponding to a different trap depth, appearing at a 
characteristic temperature). The absorbed dose may be measured either from the total light 
emitted by the glow curve or from the amplitude of one or more of the peaks of the glow 
curve (Nicholas Tsoulfaidis 2010).
TLDs have been used for many years to measure the dose distribution from proton 
beams in phantoms. TLDs have many advantages such as: relatively small size to allow good 
spatial resolution, sensitivity that is independent of the dose rate, ease of transport, the lack of 
need for connecting cables and a dose response range that is linear over several orders of 
magnitude (up to 15 Gy, a typical dose per fraction for eye treatment) (Bilski, Olko et al. 
1999). These properties make them useful for relative dose measurements in clinical proton 
dosimetry.
Several experimental investigations of the usefulness of TLDs for application in clinical 
proton dosimetry have been undertaken, mainly involving LiF (TLD-100) (Bilski, Olko et al. 
1999; Sabini, Raffaele et al. 2002), for proton beams (Olko, Bilski et al. 2004) and for heavier 
charged particles. Experimental results from unpublished studies of depth dose distribution 
for modulated and un-modulated beams (Fig. 4.5) by Cole et. al (Moyers and Nelson 2009) 
showed good agreement between TLD and parallel ionization chamber measurements. LET
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(keV/|Lim) measurements were determined by TLDs^ at each measurement point. The 
effective LET for the modulated beam was reported to be slightly higher at shallow depths 
(1.5 keV/pm ) than at deeper depths. This effect is presumably due to low-energy ions 
scattered out of the field-defining aperture and reaching the surface of the phantom (Moyers 
and Nelson 2009).
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Figure 4.5 Experimental results from unpublished study for depth dose percentage and effective LET 
for modulated and un-modulated 155 MeV proton beams, using parallel ionization chamber and TLD-
300.(Moyers and Nelson 2009)
4.3.6 Radiographic and radiochromic film Dosimetry
Radiographic films (Das. 2009) consists of a transparent base made of cellulose or 
polyester (typically 100 to 200 pm thick) coated with radiation-sensitive emulsion. The 
emulsion contains silver halide microcrystals (typically 95% silver bromide and 5% silver 
iodine suspended in gelatine) with some trace of potassium iodide. When the film is exposed 
to ionizing radiation, a chemical reaction change takes place within the exposed crystal to 
form what is referred to as a latent image. The development process permits the latent image 
to be converted to metallic silver. The fixing process removes the un-irradiated grains of 
silver and stabilizes the developed latent image. During washing all chemicals are removed 
except the metallic silver aggregate which are permanently affixed to the film. This metallic 
silver which is not affected by the fixer causes blackening of the film. Therefore, the degree 
of blackening of an area depends on the amount of the silver deposited and consequently, on 
the radiation energy absorbed. The degree of the blackening of the film is measured in terms 
of the optical density (OD) by using a densitometer; the more radiation delivered to the film 
the darker the film and the less the light transmission through the film.
Determined by the ratio o f response height o f peak 3 to peak 5 in TLD-300 (Cap2 :Tm)
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In Radiochromic films (Soares 2009) there is no need for the chemical development 
procedure, the change in colour for radiochromic film due to exposure being immediately 
visible to the naked eye. Readout is again accomplished by light transmission (typically using 
a laser scanning spectrophotometer). The film is made of very thin radiosensitive emulsion 
layer in the range of 6.5-50 pm coated on to a nominal 100 pm thick polyester base (the 
thickness and arrangement of layers depends on the type of film).There are many types of 
commercially available radiochromic films available, including HD-810, MD-55-2 and EBT. 
The unexposed film is colourless and as a result of radiation polymerisation changes in shades 
of blue occur. The degree of colour change is usually measured with a spectrophotometer 
using a narrow spectral wavelength of nominal value 610-670 nm. Measurements are 
expressed in term of optical density, defined as the inverse logarithm of the transmission 
(Eq.4.14).
0D =  log (transmssion = log 4.14
Where f  is the light transmitted and f  is the incident light intensity.
Films have the advantage of high spatial resolution for dose distribution measurement 
and as such are well suited for lateral dose profile evaluations. All of the advantages of the 
radiographic film are retained with the radiochromic film, including; thinness, ruggedness, 
and provision of a semi-permanent record and moreover a dose response over a relatively 
larger dose range is obtained (from 0.05-10 Gy for EBT and 1-100 Gy MD-55-2) but without 
the disadvantages (necessity of processing, non-tissue equivalence and sensitivity to light). 
Thus, the radiochromic film is currently a strong contender for replacement of conventional 
silver halide film. However, it is also known to suffer from non-linearity in dose response and 
is LET and energy dependent, especially for proton and heavy charged particles. Many 
studies on the radiochromic films have reported an underestimation of the dose response 
compared to use of a parallel-plate ionization chamber. The magnitude of this 
underestimation varies from one type of radiochromic film to another although it is agreed 
that this under-response is LET dependent and appears at the Bragg-peak region or the distal 
edge to the SOBP. For instance, Vantnitsky et al. (Vatnitsky 1997) found a reduction of about 
5% and 10% in the distal edge of the SOBP for the modulated beam and Bragg-peak region 
respectively, Piermattei et al. (Piermattei, Miceli et al. 2000) reported an underestimation of 
about 40% on the Bragg-peak for a 21.5 MeV proton beam, and Kirby et al. also show a 13% 
reduction on the Bragg-peak region for a 29.3 MeV proton beam using EBT GafChromic 
film (Fig. 4.6). The reason for this poor response at deeper penetration depths where protons 
have lower energy, high ionization density and higher LET, is due to the so-called LET
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quenching effect which briefly increases the probability of ion recombination in film material 
(Kirby, Green et al, 2010).
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Figure 4.6 Depth dose distribution of EBT film (in square) compared to Markus ion chamber (in 
circles) and FLUKA simulation (in solid line) (Kirby, Green et al. 2010)
4.3.7 Ch emical Dosimetry
Fricke and alanine chemical dosimetry systems are capable of high precision in the dose 
range of interest to radiotherapy. They are mainly used by primary standards laboratories and 
are rarely used for routinely clinical dosimetry.
4.3.7.1 Fricke dosimeter
Fricke solution is closely water equivalent and it is often used as a standard for dose 
measurements and calibration purposes. The solution is a dilute aqueous system formed by 
adding sulphuric acid and ferrous ammonium sulphate to aerated, high purity water. Because 
approximately 95% of the solution is water, the incident ionization will interact mainly with 
water molecules forming free radicals. The free radicals then begin to interact with the 
constituents of the solution leading to the conversion of ferrous ions (Fe^^ to ferric ions 
(Fe^^. The radiation chemical yield, G(X), is expressed as the number of atoms and 
molecules produced per 100 eV of energy absorbed from radiation. Thus, for Fe^ "^  the 
chemical yield can be calculated from the yields of the species in equation 4.15 knowing that 
the concentration of Fe^  ^ is proportional to the absorbed dose. More commonly, use is made 
of absorption spectroscopy which is based on measuring the attenuation of a light beam that 
passes through the irradiated Fricke solution. Then from the absorption spectrum for Fe% 
characterized by two broad peaks at 224 and 303 nm, the OD is measured.
4.15
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Fricke dosimeters are not very sensitive for low dose but their precision is considered to 
be excellent for radiotherapy (0.1% precision for doses in range the 5 to 25 Gy) (McEwen M. 
2009). The yield of the Fe^ "^  is energy and LET dependent as shown by La Verne and Schuler 
in Fig. 4.7. As the energy of the incident particle decreases, or equivalently the LET 
increases, the yield of Fe^ "^  decreases. This effect would be even more for heavier ions. This is 
a result of the high concentration of the final species which depends on the energy deposition 
(LET) (LaVerne Jay 1996).
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Figure 4.7 Ferric ion yield for high LET radiation (LaVerne Jay 1996)
4.3.T.2 Alanine dosimeter
Alanine dosimeters consist of crystalline amino acid and are usually produced as pellets 
rods and powder. When they are exposed to ionizing radiation they produce free radicals. In 
addition to such changes, biological damage in cell structures is also realized in the alanine 
due to free radical chemical interactions. The concentration of the free radical is measured by 
using an electron paramagnet resonance (EPR) read out system also closely related to the 
electron spin resonance (ESR) process. This read-out system shows a spectrum of several 
peaks and the intensity is measured from the central peak-to-peak height. More details can be 
found in (MecEwen M. 2009).
Alanine-ESP offers several attractive advantages for proton dosimetry in radiotherapy, 
including; near tissue equivalence, absence of fading, small size, sensitivity and linear 
response over a wide range of doses (5 - 250 Gy). It does have a temperature and humidity 
dependent dose response and in addition the read out system is relatively expensive.
As a comparison between alanine and ionization chamber, Onori et al. (Onori, Derrico et 
al. 1996; Onori, dErrico et al. 1997) reported a good agreement between alanine films and the 
Markus parallel ionization chamber in depth dose distribution measurements for 62 MeV an 
un-modulated proton beam. From the ratio in Figs. 4.8a & b they show that alanine film
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dosimetry is energy independent. Nevertheless, for pellet shaped alanine, the dose beyond the 
Bragg-peak increases due to the gap between the edge of the pellet and the surrounding 
medium.
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Figure 4.8 Comparison between alanine film and Markus chamber a) depth dose distribution and b) 
ratio o f absorbed doses in depth (Onori, Derrico et al. 1996)
4.4 Plastic-water phantoms
The use of plastic-water phantoms for reference dosimetry of radiotherapeutic proton 
beams is not recommended in the dosimetry code of practice IAEA TRS-398 since water-to- 
plastic fluence correction factors in proton beams are not known. However, for non-reference 
dosimetry, when accurate positioning of the chamber in a water phantom is difficult to 
achieve, they can be used as a substitute for a water phantom for depth dose distributions, 
quality assurance measurements and treatment planning at energies below 100 MeV (lAEA- 
TRS-398 2000). An epoxy resin-based solid water substitute for water was proposed by 
Constantinou el al (1982), now commercially referred to as solid water. Comparative depth 
dose measurements in liquid and solid water in a ^Co gamma-ray beam showed a 
discrepancy of less than 0.5% in the measured dose (Constantinou C., Attix F. et al. 1982).
Plastic-water phantom materials are not ideally water equivalent since they have a 
different elemental composition and different interaction cross sections for protons than 
water. Numerous experiments and Monte Carlo studies for the water equivalence of plastic- 
water phantoms have been reported for photon and electron beams. McEwen et al. showed 
very good agreement between water and different types of plastic-water; 0.15% and 0.6% 
water equivalence level for Virtual Water^^ in high energy photon and high electron beams 
respectively and 0.5% for WTe and Plastic Water™ in electron beams (McEwen and 
DuSautoy 2003; McEwen M. R. 2006). Araki et al. reported 0.4% for PW (Plastic Water™)
6 2
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and PWDT (Plastic Water Diagnostic Therapy) in low electron clinical beam (Araki F. 2009). 
However, there is no known study of plastic water in clinical proton beams. In proton beams, 
non-elastic nuclear interactions take place, potentially influencing the water equivalence. In 
this study the water equivalence of some plastic-water phantom such as PW*, PWDT'' and 
solid water (W Tl)’ as well as for A-150 tissue equivalent plastic and PMMA 
(polymethylmethacrylate) was investigated for use in high and low proton beams. The 
elemental composition, density, electron density of the materials are detailed in chapter 8.
W T l
PW
PW DT
Figure 4.9 plastic-water phantom materials
4.5 Dose conversion and Fluence correction factor
For dose conversion measurements from absorbed dose-to-material to absorbed dose- 
to-water, not only is the water to medium stopping power ratio essential but also potentially 
the fluence correction factor. The dose conversion procedures (lAEA-TRS-398 2000) 
includes: determination of depth scaling factor, Cp/„ water equivalent depths, dy,,.eq, stopping 
power ratios, s^ ,,ph, and fluence correction factors, kp, due to differences in non-elastic 
nuclear interactions of protons in materials as compared to water.
i . ^ w - e d  )  “  ^ p h  i ^ p h  )  • '^w,p/7 • 4H6
Where {d^ -eq) is the dose in the water phantom and Dpi {dph) is the dose in a phantom 
material at water equivalent depth.
* Computerized Imaging Reference Systems, Inc., 2428 Almeda Ave. Suite 316 Norfolk, Virginia 
23513 USA
Computerized Imaging Reference Systems, Inc., 2428 Almeda Ave. Suite 316 Norfolk, Virginia 
23513 USA
' GAMMEX RMI, Wisconsin, USA
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4,5.1 Range scaling factor and water equivalent depth
In the IAEA TRS-398 code of practice (IAEA-TRS-398 2000), the depth in the 
phantom material, dph, and the corresponding equivalent depth in water, are related by 
Eq. 4.17
^ w - e q - ^ p h  ' ^ph  4.17
The range scaling factor, Cph = rso.Jrgo-ph, is the ratio of rso-w and rgo-pt^  which are the ranges in 
water and phantom material respectively, where the dose at the distal edge of the Bragg-peak 
drops to 80% of the dose maximum. This range is assumed to correspond to the point where 
the number of protons drop to 50% of protons surviving the attenuation process (Moyers M F 
2007).
It is also recommended by IAEA TRS to express depth measurements in g/cm^. In this 
study mass thickness unit is expressed for the experimental results while for Monte Carlo and 
analytical calculations slab thickness is expressed in cm.
4.5.2 Fluence correction factor
As mentioned in section 2.2, it is important to understand the non-elastic nuclear 
interaction experienced by proton and the secondary production in different materials (and 
compound materials that comprise of different elements) compared to water. The fluence 
correction factor, kp, arises from the difference in the non-elastic nuclear interaction in a 
material compared to those in water at water equivalent depth. This difference in the non­
elastic nuclear interaction introduces an uncertainty in dose conversion from dose-to-phantom 
to dose-to-water.
It was found by various studies that the depth dose distribution at water equivalent 
depths varies in different target solid materials (Palmans H. and Verhaegen F. 1997). 
Schneider (Schneider, Pemler et al. 2002) found by experiment that the difference relative to 
water in 15 cm water equivalent was -2.3% for PMMA, -1.7% for polyethylene, -2.5% for 
teflon and -0.4% for aluminium in 177 MeV proton beams. Obviously this difference is 
primarily due to the non-elastic nuclear cross-section being different in these materials, since 
the number of protons that are lost at equivalent depths is different in these materials, as well 
as a different production of secondary particles with different cross-sections. Monte Carlo 
study and experiment in PMMA and polystyrene compared to water, by Palmans et al (2002), 
indicated that for proton energies lower than 100 MeV the contribution of non-elastic 
interactions to the total dose becomes small, and the corrections are smaller than 1%.
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However, for higher energy at further depths the fluence correction factor amounts to 2-5%. 
Another Monte Carlo calculation for treatment planning in proton therapy for water, A-150 
tissue equivalent plastic, ICRU muscle and bone, resulted in a reduction of nearly 40% on the 
Bragg peak to entrance dose ratio, the effect increasing with incident energy (Wroe, Cornelius 
et al. 2005). Paganetti et al. (Paganetti 2002) investigated various tissue materials and showed 
by Monte Carlo simulation that the dose to water was -10% higher than dose to bone 
anatomy.
The main purpose of this work was to evaluate the fluence correction factor for some 
materials relevant to dosimetry, such as graphite, PMMA, aluminium and copper, as well as 
to study the water equivalence in terms of the non-elastic nuclear interaction (the fluence 
correction factor) for A-150 tissue-equivalent and three plastic-water materials; Plastic Water 
(PW), Plastic Water Diagnostic Therapy (PWDT) and solid water (WTl). This work was 
performed for low and high proton beam energies (60 and 200 MeV) using FLUKA 
simulation and analytical calculation. Experimental measurement was carried out for 60 MeV 
un-modulated and full modulated beams at Clatterbridge Centre for Oncology (CCO) (the 
latter refers to a modulation leading to an SOBP which extends from the surface to the distal 
edge).
4.6 Proton dosimetry code of Practices
At the time of the first patient treatment with a proton beam in 1955 there was no 
recommendation for clinical proton dosimetry. Wilson (Wilson 1946) used a shallow 
ionization chamber between the source and the patient. The determination of the dose was 
based on the specific ionization" calculation during exposure time (the dosage is proportional 
to the specific ionization). This was the case until 1979 when Verhey et al. published his first 
paper including the foundation of modern proton dosimetry, which was the basis of the first 
code of practice (CoP) for clinical heavy charged particle beam dosimetry of the American 
Association of physicists in Medicine (AAPM) TG-20 in 1986 (AAPM-TG-20 1986). This 
was followed by a number of published CoPs with slightly different recommendations, such 
as the European Heavy charged Particle Dosimetry Group (ECHED) in 1991 which was 
dedicated for proton beams and included a formalism on the use of tissue-equivalent (A-150) 
ionization chambers and a description on dosimetry measurement accuracy. An additional 
report of ECHED was published later. It proposed water as phantom material for absolute 
dose measurements instead of the previously used tissue equivalent phantoms and also
Specific ionization is the average number of ion pairs that particle produces per unit distance travelled. It is 
almost inversely with the energy of the proton.
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adopted the more recent stopping powers from ICRU Report 49. In 1998 the International 
Commission on Radiation Units and measurements (ICRU) report 59 was issued. It 
recommended calibration of ionization chambers using ^°Co in terms of air kerma or absorbed 
dose to water (Medin and et al. 2000). A few years later, in 2000, the International Atomic 
Energy Agency published IAEA TRS-398 (lAEA-TRS-398 2000) for the dosimetry of all 
external radiotherapy beams except neutrons including a CoP for clinical proton beam 
dosimetry, which is based on calibration of ionization chambers in terms of absorbed to 
water. IAEA TSR-398 recommends both cylindrical and plane-parallel ionization chambers 
calibrated in terms of absorbed dose to water in a ^Co beam at a standard laboratory using a 
beam quality correction factor, kg, to correct for the difference between the calibration beam 
quality and the proton beam quality since no primary standard for proton beam dosimetry 
exists. The more recent ICRU report 78 (lCRU-78 2007), integrally adopts the 
recommendations from IAEA TRS-398.
Table 4.2 Main feature of the code of practice for proton and ion beam (Vatnitsky S. M. 2002).
ECHEH 
supplement 
1994
AAPM TG-20 
1986
ECHED
1991
ICRU-49
1998
TRS-398
2000
Particle type Protons, ions Protons Protons Protons Protons, ions
Reference
phantom
material
Reference
dosimeter
Calibration
quantity
Tissue
Calorimeter/FC
Proton/ion
beam
Tissue
Calorimeter/FC 
Proton beam
Water
Ion camber: 
thimble
“ Co
Water
Ion camber: 
thimble
“ Co
Water
Ion camber: 
thimble or 
parallel-plate
“ Co
Ion chamber 
wall material A-150 A-150
No
restriction
No
restriction No restriction
Beam quality 
specifier None
60 MeV 
200 MeV
Effective
energy
Effective
energy Residual range
Stopping
power Janni Janni ICRU-49 ICRU-49
ICRU-49 Medin 
& Andero Sw,air
Wair 34.3 ± 4%33.7 + 4% ions 35.2 + 4% 35.2 + 4% 34.8 + 2%
34.2 + 4%
34.5 +1.5% ions
Ion chamber
calibration
factor
Nx Nk (Nx) Nx, Nx, Nd.w Nd,w
Use of 
chamber 
specific 
factor
No No Yes Yes Yes
Nx. Exposure,
Nk: air kerma,
Nd,w : Absorbed dose to water
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Chapter 5
5 Monte Carlo simulation
Scientific theories are usually based on physical experiments and deterministic 
methods. The deterministic method involves the solution of an integral or a differential 
equation which describes the physical phenomena. Nowadays, much scientific research in 
physics is supported with Monte Carlo (MC) simulations in addition to these two methods. 
MC is a powerful technique in radiation physics when analytical solutions for radiation 
transport are very difficult to achieve, such as radiation scattering, energy loss straggling, 
secondary electron transport, bremsstrahlung photons, etc. MC simulation is also applied in 
many other research areas such as finance, marketing and traffic flow. It is named after the 
city in Monaco, the famous city for gambling and games of chance. The concept of MC 
simulation in radiation transport is related to games of chance. It is based on tracking each 
individual particle that interacts with matter of defined geometry taking into account all 
possible interactions and directions. Then calculating the average of these possible 
interactions for a large number trials using a '‘random number’ to simulates the physical 
events. The revolution of using MC transport simulations in radiation and medical physics 
began about three decades after the invention of the first photon-electron MC, code known as 
ETRAN in 1963, and has continued, particularly with wider availability of computation 
power (Yadav Poonam 2011).
5.1 Transport of uncharged particle
5.1.1 Free path length
The distance that uncharged particles (neutrons and photons) will travel a material
without undergoing any interaction is called ‘free-path length’. It is distributed exponentially
(0, co) according to;
5.1
The probability distribution for the distance to the next interaction x in which the 
particle is going to be absorbed or scattered is given by:
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p(x)dx=e~'"^'‘ (jpdx  5.2
where a is the total the cross sections and p is the density of the target. It can also be 
expressed in term of the total attenuation coefficient, p = apNJA, where Na is Avogadro’s 
number and A is the atomic weight. Then the cumulative distribution function is given by:
I p(x ) dx p d x  5.3
0 0
P {x)= \-e~ ^^  5.4
P(x) gives the probability that the particle will travel a distance x before undergoing any 
interaction in a material. P(x) is distributed between values of 0 and 1. In the Monte Carlo 
method this number (or probability) involves using a sequence of numbers uniformly 
distributed on the interval (0,1) to construct a history for each of many particles as it travels in 
the material. Such numbers, when generated by a computer are called pseudo-random 
numbers, R, distributed between (0,1) which are generated by the computer. Thus, R = P(x) 
which is used to produce this sequence of numbers whose distribution reflects the 
experimental observation of free path length according to Eqs. 5.6
R = l - e - ^ ^  5.5
It also can be written as;
. . , In(i?,)X, = ----------- — , or m simpler way x, = -----------------------------  5.6
Ntoi Mtoi
So the first point of the interaction, x;, can be obtained by setting R] the first pseudorandom 
number (Hendricks 1994).
5.1.2 Probability o f different interactions
At the point xy the uncharged particle has a possibility of undergoing many different 
interactions types with different probabilities (e. g. photoelectric absorption, Compton 
scattering and pair production for photon and scattering and absorption for neutron). The 
probability of occurrence of a certain type of interaction depends on its relative contribution 
to the total cross section. Now, this step of the uncharged particle history involves deciding 
whether it is going to be scattered or absorbed etc. Here another pseudorandom number, Ri 
will be generated by the computer with a different distribution according to the probability of
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each interaction. For example, suppose it is known from the cross section nuclear scattering 
for the material that scattering is nine times more likely than absorption. The interval (0,1) is 
then divided into two intervals (0,0.1) and (0.1,1). Assume that the second pseudorandom 
number generated by the computer is 0.2. Since 0.2 lies within the larger subinterval, the 
particle is scattered rather than absorbed. The next decision, the scattered angle, the 
distribution of the Rj will be changed to a third number that matches the cross section 
(probability) of the scattering angle. (Hendricks 1994)
5.2 Transport of charged particles
The essential differences between photon and charged particle transportation are that 
the nature of particle interaction such as the continuous energy loss mechanism and multiple 
scattering. Charged particle transport is much more complicated than the uncharged particle, 
the latter takes rather large steps. Charged particles undergo millions of collisions with the 
target’s electrons and nuclei until they loses all their remaining kinetic energy or are locally 
absorbed, e.g. a proton needs about 10  ^ interactions to be simulated in 1 cm which requires 
long calculation times. In MC simulations, charged particles event by event simulation is not 
practical; instead the net result of a large number of events is simulated as a single step. The 
simulation of the proton trajectory in matter resembles a random walk and its path is 
computed to be a series of a small steps. The length of these steps and directions are chosen 
randomly. At each step there are possible physical processes and they appear to be random 
relative to each other with different probabilities.
5,2.1 Condensed history algorithm for charged particle
Combining a large number of charged particle collisions (energy losses and/or direction 
changes) into a single large-step effects is called Condensed History (CH) which was 
developed by Berger in 1963. This technique uses multiple scattering theories for elastic 
angular scattering and stopping power for energy losses. The CH technique is implemented in 
two algorithm classes: Class I  algorithms, group all energy losses into distributions to be 
simulated using the continuous slowing down (CSDA) approximation model but with the 
option o f including energy loss straggling based on a distribution. MCNP/MCNPX, ETRAN 
and PTRAN are based on this algorithm. Class II algorithms only simulate events above a 
certain energy threshold, e.g. secondary particles with energy above defined cut-off energy 
are simulated, while events below this cut-off are grouped together in a multiple scattering 
step using the CSDA approximation and restricted stopping power. Full energy loss straggling
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is difficult to simulate correctly due to fluctuation in events below the cut-off energy, ideally 
required restricted straggling distribution which is difficult to achieve. GEANT3/4, EGSnrc 
and FLUKA are based on Class 11 alogarithms (Nahum 1999).
' (p.np) nuclear 
interaction  
occurs
Figure 5.1 Event by event proton track simulation
5.2.2 Multiple scattering
Protons are mainly scattered because of elastic coulomb interactions with the atomic 
nuclei. This leads to many small-angle deflections. These angular deflections of the large 
number of elastic coulomb interactions can be modelled as a multiple scattering process 
which provides the net results of several single scattering events. There are a number of 
theories that deal with multiple scattering; Moliere, Snyder, and Goudsmit and others, all 
based on the assumption that the particles are transported in an infinite homogenous medium. 
Moliere and Snyder theories were developed for small scattering angles and Goudsmit theory 
valid for any angle. (Ferraii, Sala et al. 1992)
Moliere theory (Bethe 1953) is only valid for the scattered angle approximation of < 
20°. It has a simple analytical form expressed as a function of the total path length travelled 
by the charged particle and requires little per-calculated data. It is efficient in selecting 
scattering angles for randomly sampled step lengths. The Moliere theory is constrained by 
three limits: small deflection angle that provides the upper step-size, multiple scatting, that is, 
many atomic collisions participate to cause the particle to be deflected (elementary scattering 
>20), this constraint provides the lower limit on step size and the energy loss is not built into 
this theory (Ferrari, Sala et al. 1992; Bielajew 2001)
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5.2.3 Step-size and discrete interaction points
One of the condensed history features is that the charged particle transport is performed 
by a series of steps. One step is defined by the distance between two voxel boundaries. In 
class I the step size is pre-calculated according to a given energy loss fraction in each step 
(i.e. it is chosen to be several percents of the initial proton energy). In class 11, the step size is 
distance between two voxel boundaries if there is no a discrete interaction point due to 
ionization or nuclear interaction in the present step length. If there is discrete interaction point 
then, the next discrete point is selected to be the end of this step. In this case the distance of 
the step is exactly determined as in free path length for the uncharged particle case (section 
5.1.1, Eq. 5.6). However the total attenuation coefficient, ptot, is now the sum of the 
probabilities from the non-elastic nuclear interaction and the atomic hard inelastic collision 
(ionization) in which the energy loss by the proton is larger than the pre-selected cut-off 
energy, A. (Bielajew 2001; Fippel and Soukup 2004).
The direction of the proton at the end of each step is sampled according to multiple 
elastic scattering.
5.2.4 Probability o f discrete interactions
Discrete interactions occur at the end of the step if the proton energy is larger than A. 
As mentioned above it is divided into nuclear interactions with secondary particle production 
and atomic hard collisions with 5-ray production. The occurrence of such interactions is 
sampled from known probability distributions using a pseudorandom number.
5.2.4.1 Ionization
When the proton is slowing down, some of its energy will be transferred to secondary 
electrons. The maximum energy transferred in each single collision is about 0.22% of the 
primary proton energy as mentioned before. The probability of such interaction for proton 
energy between A and the maximum energy is given by the integrated Rutherford cross 
section for single collision. The scattering angle of the secondary electron is then sampled 
from a uniform distribution.
(Fippel and Soukup 2004).
5.2.4.2 Non-elastic nuclear interaction
Absorption of the primary proton and production of secondary particles is the results of 
the non-elastic nuclear interaction of the proton with nuclei in the medium. However these 
interactions are rare compared to the atomic collisions as mentioned in section 3.3. In order to
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simulate the non-elastic nuclear interaction in material the cross sections of all constitutive 
elements of this material as a function of energy should be known. In MC, cross sections for 
the target material are obtained from nuclear data tables or nuclear model. The probability of 
such interaction is calculated according to the contribution of the nuclear interaction cross 
section to the total interaction cross section at the end of each step (discrete point). The basic 
nuclear interaction model is based on (i) determination of the non-elastic nuclear event, (ii) 
selection of a nucleus with which proton interacts and energy is transferred to the nucleus, 
(iii) probable number of secondary particles, and energy and angle of secondary particle 
emitted. (Fippel and Soukup 2004).
5.2.5 Energy loss
Low-energy loss due to soft collision events during each step are most likely to occur 
during proton transportation than higher energy transfer at discrete interactions at the end of 
the step. Below, is a description of energy loss of primary and secondary charged particles 
during their transportation following Class 11.
5.2.5.1 Primary particles
Primary charged particles with kinetic energy Ep between the cut-off A and the 
maximum energy will be transported along the step due to soft collisions. The cut-off energy 
is usually defined by the user and depends on the application. In this study it was set by 
default to 100 eV for both secondary and primary particles. The energy loss, EE, below the A 
value is calculated using tabulated or parameterized restricted stopping power and multiple 
scattering theory is used to group the energy and to sample the next step size according 
CSAD. This energy loss is usually due to soft collisions during the step length. At the end of 
each step, the mean kinetic energy of the charged particle is given by
This is not only the energy loss process of primary protons with energy above A. At the 
end of each discrete step, the primary proton will transfer about 0.22% of its energy to a 
secondary electron in a single hard collision which is sampled using Rutherford cross section, 
e. g. 200 MeV primary proton can transfer ~ 450 keV which is > A to secondary electron in a 
single collision, which can travel ~ 2 mm in water and further more in air, while 20 MeV 
primary proton can transfer -  45 keV which is < A this energy will be locally absorbed.
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Additionally, all proton energy is absorbed by non-elastic nuclear interaction resulting 
in production of secondary particles. A nuclear model accounts for the nuclear interactions 
and production of secondary particles. Energy loss by these secondary electrons and particles 
is described below.
Finally, when the kinetic energy of the primary becomes lower than A all of its 
reamaning energy will be absorbed locally and the transportation will be terminated (Fippel 
and Soukup 2004).
5.2.5.2 Secondary particles
If the kinetic energy of these secondary particles is above A then they will be 
transported and treated like primary particles (i.e., some energetic secondary particles could 
undergo discrete interactions). The correspond range of 100 keV secondary electron is less 
than 0.15 mm and about 1.6 pm for secondary protons i.e. this is the minimum range that 
secondary electrons and protons can travel when selecting 100 keV cut-off energy. If  the 
kinetic energy of secondary particle is less than A, its energy will be absorbed locally and 
transportation is terminated.
The energy loss for secondary particle with energy < A will be treated as the same as 
primary particles, the restricted stopping power is in used and multiple scattering theory is 
used to gathered the energy loss and to sample the next step according CSDA. (Fippel and 
Soukup 2004).
5.2.6 Energy straggling
Secondary electron production during hard collisions leads to energy fluctuations of the 
primary proton. As a result this energy fluctuation, the gradient of depth dose distribution 
behind the Bragg-peak will be influenced. This is taken into account in MC simulation by 
setting the Ae value to be small enough. However, this might increase the calculation time 
(Fippel and Soukup 2004). Thus, the choice of Ae value must be carefully made. For instance, 
in some applications where the dose is calculated in a very small volume, a small Ae is 
justified although time consuming.
5.2.7 Scoring o f dosimetric quantity
The above calculation processes will be repeated for each step until the particle escape 
from the geometry or the history comes to end and is terminated. Then the final assessment 
will be stored and a new history will be generated in the same manner. Repetition of the 
history yields approximately the same answer, while repetition in deterministic method
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provides only the exactly the same answer. If a large number of histories, N, is generated. 
Assuming that nt histories of the particles that have scored energy deposition, fluence or 
differential fluence etc. in a certain geometry and assigned a score s,. Then the estimated 
probability of energy deposited or fluence etc. is giving by the average of s,:
5.2,8 Variance reduction and simulation precision
The relative statistical uncertainty in the probability estimate is related to variance of the s,- by:
5.9
" n,{N-n, )
In MC simulation, applying of a large number of N  histories approaches the numerical 
solution of the problem if the transport was adequately implemented. The uncertainties in MC 
results are not only related to repletion and increasing of history number but also the physical 
input data such as cross sections and stopping powers play an important role in the 
uncertainty calculation.
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5.2.9 Charge particle transport chart
The flow chart below shows the essential difference between Class I and Class II 
logarithms and it summarizes the main features of charged particle transport previously 
discussed (Bielajew 2001).
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Class n  calculation?
Class II calculation?
Has CP left the 
geometry?
Calculate energy 
loss (CSDA)
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Figure 5.2 flow chart for charged particle transport.
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5.3 F L U K A  C ode
The code now refers to as FLUKA (Ferrari A. 2005; Battistoni, Cerutti et al. 2007) was 
first developed in 1962 by J. Ranfl and H. Gebel. Eight years later it was formally named 
FLUKA. At the time it was mainly used for applications concerning event to event 
fluctuations in high-energy particle physics calorimetry. Then, between 1970 and 1987 
shielding calculations in the code were developed by the European organization for nuclear 
research (GERN). Since 1989 the National Institute of Nuclear Physics (INFN) in 
collaboration with GERN have carried out the development of FLUKA to make it an all­
purpose general code.
This code is able to simulate interaction and transport for electromagnetic and hadronic 
particles in any target material over a wide energy range (100 keV-20 TeV for primary 
particles and 1 keV-20 TeV for secondary particles). However this code is characterised to be 
reliable and widely used at intermediate energies for radiotherapy and radiation protection 
fields.
The condensed history approach is adopted by FLUKA with Glass II algorithms by 
default, however it can be changed to a Glass I algorithm by changing threshold of 5-ray 
production. Energy loss calculation in FLUKA is based on the Bethe-Bloch stopping power 
supplemented with ionization energy according to IGRU-49 and IGRU-73, shell correction 
derived from Ziegler and density effect according to Sternheimer as detailed in (Fasso ) . 
Multiple coulomb scattering is based on Moliere’s theory improved by Bethe (Bethe 1953) to 
account for projected step length and total deflection. Gorrection for cross section variation 
with energy over the step is applied in FLUKA. Single scattering cross sections have been 
taken from Moliere derivations, in order to be constant with existing multiple scattering and 
Rutherford single scattering without any approximation in sampling (Fasso ). There are two 
hadron interaction models used in FLUKA to describe the non-elastic nuclear interactions; 
The Pre-Equilibrium Approach NUclear Thermalisation model (PENUT) is for low and 
intermediate energies up to 5 GeV. It consists of IntraNuclear Gascades (ING), pre­
equilibrium evaporation and de-excitation. The other model is for high energies up to several 
TeV (Ballarini, Battistoni et al. 2007).
The use of Monte Garlo offers a great advantage for this work since it simulates small 
details during particle transport that are very difficult or impossible to achieve in the 
analytical calculations of such scattering, energy straggling, nuclear interaction and 
production of different secondary particles as well as transportation etc. FLUKA has been 
used to score physical quantities such as dose deposition in MeV/g and proton fluence in 
dN/dE and proton fluence differential in energy in N/cm^ GeV per incident particle as a 
function of water equivalent depth for graphite and other different materials relevant to
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dosimetry using mono-energetic beams in simple geometry as well as modulated and un­
modulated beams for CCO beam line geometry.
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Chapter 6
6 Fluence correction factor by analytical
calculation
6.1 Methodology
6.1.1 Stopping power calculation
Proton stopping power data for some plastic-water phantom materials that have been 
used in this study such as plastic-water (PW), plastic water diagnostic therapy (PWDT) and 
WTl are not available in the ICRU Report 49 stopping power data tables. Therefore, the 
Beth-Bloch formula (Eq. 3.4) was used to calculate the stopping power for the clinically 
relevant proton energy range between 1 and 300 MeV, noting that shell corrections, the 
density effect, the Barkas correction and the Bloch correction were not included since they are 
small in this energy range (Ziegler 1999). Calculated stopping power for PW, PWDT and 
WTl were compared to the stopping power of FLUKA code. Details of this calculation are 
illustrated in Appendix B.
6, L 2 Energy loss calculation
Analytical calculations for the so-called un-attenuated energy loss distribution (without 
considering losses of primary protons in nuclear interactions) as a function of depth for six 
different materials (water, polymethyl methacrylate “ PMMA” , A-150 tissue equivalent 
plastic, graphite, aluminium and copper) and the three different types of plastic-water 
phantom materials mentioned above were performed to evaluated the fractional energy loss of 
incident protons as a function of depth along its path. This was done in the continuous 
slowing-down approximation (CSDA) without considering angular scattering or energy 
straggling. Two initial energies Eq were chosen within the clinical proton dosimetry range (60 
MeV and 200 MeV). For each slab with a constant thickness Ac/ = 0.001 cm, at a depth d, the 
total mass stopping power, (S/p), was extracted from ICRU report 49 (ICRU-49 1989) to 
calculate the energy loss, AE, per unit length using Eq. 6.1. This slowing down energy loss 
procedure was repeated until the proton’s kinetic energy was less than or equal to the cut-off
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energy. Note that the cut-off energy was approximately a few hundreds of keV for the 
analytical calculation. An interpolation over a defined region of energy and stopping power 
was required in order to find the stopping power for each energy step.
A E n =  ( S / p ) n - i . p  . Ac/„ 6.1
Proton
So
M,
E]— Eo-AE] 
Si
Arfp
E2— E1-AE2 
S2
Adn
En= En-1-AE„ 
Sn-1
A E i= (s/p )o  . p  A J i , A E 2 = (s /p )i. p  A ^ 2 , AEn=(s/p)n-l . p  A 
Figure 6.1 Schematic diagram for the energy loss calculation as a function of depth
6.1.3 Proton beam losses due to nuclear interactions
Proton-nuclear interaction probabilities in the same materials were calculated for the 
incident protons of 60 MeV and 200 MeV as a function of depth (in each 0.001 cm slab) 
along its path without considering the loss of secondary charged particles produced following 
from nuclear interactions. The total non-elastic cross sections, a, from ICRU report 63 
(ICRU-63 2000) were used to evaluate the fraction of protons that are absorbed in each slab at 
a depth, d, using Eq. 6.2.
6.2
Also an interpolation was required in order to find the cross section for each energy step.
The attenuation coefficient, ft, for each material at each slab was calculated from the total 
non-elastic nuclear interaction cross-section as
crn-1 6,3
where is Avogadro’s number, p is the mass density and On-i/A is the total non-elastic 
nuclear cross-section per atomic mass unit for each slab. The quantity On-i/A was calculated 
for: compound materials with known atomic weight fractions for each element, compound 
molecular materials with known molecular formula and materials comprising of one element 
(calculation details in Appendix C).
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Finally the number of protons attenuated as a function of depth was calculated using 
Eq. 6.2 until the protons reached the end of their range.
No Nj Ni
%
Proton CJl Adi % Ada
î”
O'.
- MN^=No e
cr n - l p N
Figure 6.2 Schematic diagram for proton attenuation as a function of depth
6.1.4 Attenuated energy loss calculation
In order to investigate the effect of the attenuation of primary proton on the energy loss 
at each slab in penetration depths, the attenuated energy loss, AEJ"'', was calculated using 
equation 6.4 where N„-^N„.il2 is the average number of the surviving protons at each n slab of 
thickness A<i.
' 2
6.4
6.1.5 Water equivalent depth calculation
In the analytical calculation the range was estimated where the kinetic energy of the proton 
dropped to zero. Thus, the range scaling factor was calculated as:
Cpi r 0 -\\/y o-ph
Water equivalent depths (WED) were calculated using Eq. 3.17
6.5
80
Fluence correction  factor for varions m aterails in clin ical yoroton  dosim etry _________________________________________________________________
C hapter 6 —Fluence correction  fa c to r  by an a ly tica l calculation
6.1.6 Fluence correction factor calculation
In the analytical calculation the fluence correction factor, Ç?, was obtained by two 
methods:
I  - The ratio of the number of the survival proton for water, Np^ ,^ and phantom 
materials, Nppi, at water equivalent depths.
" k .  =  6,6 ^ Np„ id , ,)
I I -  The ratio of the attenuated energy loss ratio ( ) and the un-attenuated
energy loss ratio ( AE"”""""” / ) at water equivalent depths. Knowing that un-
attenuated energy loss ratio is approximately equivalent to the linear stopping power ratio.
A £ r  K _ . , ) /  )
/  A  ^ pi ^
’k„ = -----------------------------   6,7
J. A E r " "  i d . - , , ) /  X
/  A j^un-attn. K N p i )
/  ^ P h
The fluence correction factor was also calculated for these materials with respect to graphite, 
°kfi, at water equivalent depths by:
A £ r  i d . - , , ) /
/  A  ^ p h '
°k„ = ------------------------------------------------   6,8
^  A E r “" i d . . „ ) /  _  .
/  K ip ^ n -a ttn . ph  )
/  ^ p h
6.2 Results and discussion
6.2.1 Stopping power for plastic-water materials
Since plastic-water mass stopping power for PW, PWDT and WTl were not available 
in the ICRU Report 49 stopping power data tables, the stopping power of these materials was 
calculated analytically by the Beth-Bloch formula (Eq. 3.4). In this calculation none of the
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correction terms (shell, density effect, Barkas and Bloch) were applied since they are 
negligible in the energy range of interest. The stopping powers in water were also calculated 
in the same way in order to be consistent with the approach for the plastic water materials. 
Fig.6.3 shows the calculated stopping powers compared to those from FLUKA. At low 
energies there was a difference between the two stopping powers for all materials including 
water. This difference is mainly due to not applying stopping power corrections especially 
shell correction and to a lesser extent the difference in /-value (see section 3.1.1.2). The 
calculated /-value was slightly higher than the one in FLUKA (table 6.1) which underestimate 
the calculated stopping power at very low energies.
Water Linear stopping power
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Figure 6.3 Analytical calculation of stopping powers for three plastic water materials and water 
compared with stopping powers extracted from FLUKA
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Table 6.1 ranges and range scaling factor o f plastic-water materials considered 
in this study.
element water W Tl* PW^ PWDT'
H 0.8881 0.0810 0.0925 0.0740
B 0.0226
C 0.6720 0.6282 0.4670
N 0.0240 0.0100 0.0156
0 0.1118 0.1990 0.1794 0.3352
Mg 0.0688
Al 0.0140
Cl 0.0010 0.0096 0.0024
Ca 0.0230 0.0795
Br 0.0003
p (g/cm'^) 1.000 1.020 1.013 1.039
Electron density‘s
(g^) 3.342x10^ 3.248x10^ 3.279x10^ 3.217x10^^
I-value^ 75.32 70.20 71.83 77.02
I-value from 75.00 70.02 71.21 76.12FUUKA.
’ Elemental composition as given by Tello et al. (Tello, Tailor et al. 1995)
' Elemental composition as given by Araki et al. (Araki F. 2009)
' Electron density is given by (A^  Z /A) = Na Y. 2, /Af
' I-value is given by ln l=  [ Z/Z; ] Inh /(7JA) (ICRU-37 1984 ). Details in Appendix B. Ill
6,2.2 Influence of the difference of I~values on water-to-graphite 
stopping power ratio.
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Figure 6.4 Analytical calculation o f a) mass stopping powers for water compared with ICRU-49 mass 
stopping power, b) mass stopping power including the uncertainty o f ICRU-49 excitation energy for
water (75+3 eV).
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Figure 6.5 Analytical calculation of a) mass stopping powers for graphite compared with ICRU-49 
mass stopping power, b) mass stopping power including the uncertainty o f ICRU-49 excitation energy
for graphite (78+7 eV).
Figures 6.4a and 6.5a show a comparison between ICRU-49 mass stopping power and 
calculated mass stopping power in water and graphite respectively. Beth-Bloch formula (Eq. 
3.4) was used to calculate the stopping power in water and graphite. In this calculation none 
of the correction terms (shell, density effect, Barkas and Bloch) were applied since they are 
negligible in the energy range of interest. The excitation energy (1-value, 75 eV) for water and 
(78 eV) for graphite from ICRU-49 were used for stopping power calculations. So the 1- 
values in both plotted stopping powers (ICRU & calculated stopping powers) were similar. At 
low energies there was a difference between the two stopping powers for water and graphite. 
This difference is mainly due to not applying stopping power corrections, in particular the 
shell correction. At high energies (above the proton rest mass energy of 938 MeV) the 
calculated stopping power was slightly higher than IRCU-49 stopping power. This was 
mainly due to not applying density correction in the calculation (see section 3.1.1.2).
Figure 6.4b shows the calculated stopping power in water using different I-values. 
These excitation values were chosen to be within the uncertainty of ICRU-49 (75+3 eV). 
Three stopping power curves were obtained for water using three l-values: 75+3 eV, 75-3 eV 
and 75 eV without adding or subtracting the excitation energy. A very small difference was 
observed between stopping powers at low energies in water. This difference was more 
obvious between calculated stopping powers in graphite (Fig. 6.5b) mainly because the 
uncertainty in l-value for graphite is +7.
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Figure 6.6 Analytical calculation o f water-to-graphite stopping power ratio using different I-values for 
water: 75+3 eV, 75-3 eV & 75 eV and for graphite: 78+7 eV, 78-7 eV & 78 eV. The error bars 
represent the 1% uncertainty for water-to-graphite stopping power ratio.
Water-to-graphite mass stopping power ratios in Fig. 6.6 were obtained from the 
probabilities of the three stopping powers in water in Fig. 6.4b and the three stopping powers 
in graphite in Fig. 6.5b for different I-values as described above. In this case, the plotted 
stopping power ratios cover all possible I-values within ICRU-49 uncertainty. The middle 
thick black line represent water-to-graphite stopping power ratio when /-value for water is 75 
eV and for graphite is 78 eV without considering there uncertainty. The error bars associated 
with this line is the 1% uncertainty of water-to-graphite stopping power ratio (Karger and et 
al. 2010). It was observed that most probabilities were within 1% or approach 1%. It was also 
concluded that the uncertainty in water-to-graphite stopping power ratio mostly arise from the 
uncertainty in I-value.
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Figure 6.7 Analytical calculation o f water-to-graphite stopping power ratio using different I-values for 
water: 75 eV, 79.7 eV, 77.8 eV & 78.4 eV and for graphite: 78 eV, 86.8 eV & 82.5 eV. The error bars 
represent the 1% uncertainty for water-to-graphite stopping power ratio.
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Figure 6.7 also shows water-to-graphite mass stopping power ratios. However, I-values 
that were used to calculated the stopping powers for water and graphite were from different 
published studies: 79.7 eV (Bischel and Hiraoka 1992), 77.8 eV (Emfietzoglou and et al. 
2009) & 78.4+1.0 eV (Kumazaki, Akagi et al. 2007) and for graphite: 78+7 eV (ICRU-49 
1989) , 86.8+1.2 eV (Bischel and Hiraoka 1992) & 82.5+1.5 eV (Burns 2009). The 
observation was made to be that the most probabilities of different I-values used in 
calculation of the stopping power ratios approach or lay within the 1% uncertainty of water- 
to-graphite stopping power ratio. Analytical
6.2.3 Un-attenuated energy loss at water equivalent depths
(a) 60 MeV - Analytical calculation
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Figure 6.8 Analytical calculation o f un-attenuated energy loss distributions as a function o f depth in 
water, graphite, aluminium and copper for a) 60 MeV and b) 200 MeV protons
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Figure 6.9 Analytical calculation of un-attenuated energy loss distributions as a function o f depth in A- 
150 tissue equivalent plastic and PMMA for a) 60 MeV and b) 200 MeV protons
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Figure 6.10 Analytical calculation o f un-attenuated energy loss distributions in plastic-water phantom 
materials as a function of depth for a) 60 MeV and b) 200 MeV protons.
The analytical calculation of the un-attenuated energy loss distribution (without 
considering proton attenuation due to the non-elastic nuclear interaction) as a function of 
depth for 60 MeV and 200 MeV protons in water, graphite, copper and aluminium for 60 
MeV and 200 MeV is shown in Fig.6.8, in PMMA and A-150 in Fig. 6.9 and in plastic-water 
materials in Fig. 6.10.
The um'calistically high Bragg peaks are the result of simplifications in the model 
(omission of scattering and straggling). It was observed that the rate of energy loss grew as 
the protons slowed down until they reached the point at the end of the track where the energy 
of the protons reaches the cut-off energy (few hundreds of keV). The figures also give an 
indication of the CSDA ranges of 60 MeV and 200 MeV protons in different materials. The 
CSDA range is the integral of the reciprocal of the stopping power with respect to the energy 
from Eo to zero. The difference in CSDA ranges for different materials was due to the 
difference in stopping power which depends on the electron density, nZ2 . The thickness of the 
slab was chosen to be as thin as 0.01 mm for 60 MeV and 0.1 mm for 200 MeV to reduce the 
uncertainty in determining the CSDA ranges. Tables 6.2 & 6.3 show the calculated and 
ICRU-49 tabulated ranges. The uncertainty was derived from the slab thickness (resolution of 
the scale) which was very small. An additional uncertainty that should be considered comes 
from the propagation of the uncertainty on the stopping power data which is 1 to 2 % for 
elements and 1 to 4% for compounds at energies above 1 MeV. At lower energies the 
uncertainty is much larger (ICRU-49 1989).
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T a b le  6.2  A nalytically  calculated and IC R U -49 tabulated C S D A  ranges for different m aterials 
relevant to dosim etry________________________________________________________________________________
C S D A  R a n g es rg (cm )
M a ter ia l
D en sity
(g.cm'^)
6 0 M eV 2 0 0 M eV
C a lcu la ted
ra n ges
IC R U -4 9
R a n g es
C alcu la ted
ra n g es
IC R U -4 9
ra n g es
W ater 1 3 .0 9 4  +  0.001 3 .093 26 .03  ± 0 .0 1 2 5 ^ 6
Graphite 1.7 2 .0 3 4  +  0 .001 2 .0 3 0 1 7 .1 1 + 0 .0 1 17 .07
A lum inium 2 .698 1 .502  +  0.001 1.500 12.38 ± 0 .0 1 12 .34
Copper 8 .96 0 .5 4 4  +  0.001 0 .542 5 .38 ± 0 .0 1 4 J 5
T a b le  6.3 A n alytica lly  calculated and IC R U -49 tabulated C S D A  ranges for plastic m aterials-water, 
A - 150 tissue equivalent and PM M A ________________________________________________________________
C S D A  R a n g es  rg (cm )
M a ter ia l
D en s ity
(g .cm ^ )
6 0 M eV 2 0 0 M eV
C a lcu la ted IC R U -4 9 C a lcu la ted ICRU-49
ran g es ra n g es ra n g es R a n g es
W ater 1 3 .0 9 7  ± 0 .0 0 1 3.093 26 .03  ± 0 .0 1 2 5 ^ #
A -1 5 0 1.127 2 .7 1 8  ± 0 .0 0 1 2 .716 2 2 .9 2  +  0.01 2 2 .8 7
P M M A 1.19 2 .6 7 0  ± 0 .0 0 1 2 .668 2 2 .5 4  ± 0 .0 1 22 .41
PW 1.013 3 .095  ± 0 .0 0 1 — 2 6 .0 4  ± 0 .0 1 _
PW D T 1.039 3 .1 0 7  ± 0 .0 0 1 2 6 .1 0  ± 0 .0 1 _
W T l 1.020 3 .0 9 4  ± 0 .0 0 1 — 2 5 .9 2  ± 0 .0 1 —
60 MeV - Analytical calculation A
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— X — G a rp h ite  
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F ig u re  6 .11 Analytical calculation o f  un-attenuated energy loss at water equivalent depths in different 
m aterials for a) 60 M eV  and b) 200  M eV  protons
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The un-attenuated energy loss, at water equivalent depths (WED) for 60 MeV
and 200 MeV is illustrated in Fig. 6.11 for graphite, aluminium and copper. Un-attenuated 
energy losses for other materials were not demonstrated her to avoid repetition. The depths in 
different materials correspond to the depth in water according to depth scaling factor in tables 
6.4 & 6.5 calculated by equation 4.17.
Table 6.4 Range scaling factor for different materials from the analytical calculation and ICRU-49
Material Range scaling factor /ro.ph
ICRU-49 Calculated
60 MeV 200 MeV 60 MeV 200 MeV
A-150 1.13880 1.13511 1.13618 1.13568
PMMA 1.15929 1.15841 1.15881 1.15946
Graphite 1.52364 1.52079 1.52039 1.52133
Aluminium 2.06200 2.10372 2.05992 2.10258
Copper 5.70664 5.96781 5.68750 5.94292
Table 6.5 Range scaling factor for different materials from the analytical calculation
Material Range scaling factor rg^v /ro.ph
60 MeV 200 MeV
PW 1.00064 0.99961
PWDT 0.99678 0.99731
WTl 1.00129 1.00192
6.2,4 Un-attenuated energy loss ratio
In order to see the difference between the un-attenuated energy loss ratio and linear stopping 
power ratio the ratio of un-attenuated energy loss for water and for other phantom materials,
j ^t a number of water equivalent depths was compared with stopping the
linear stopping power ratio from ICRU-49 as a function of energy in Fig. 6.12. Both ratios 
were approximately similar and constant for radiotherapy energy range. The difference in the 
ratio between materials is mainly due to the difference in stopping power which is 
proportional to the electron density {nZf).
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Figure 6.12 Analytical calculation o f a) un-attenuated energy loss ratio as a function of water 
equivalent depths and b) linear stopping power ratio from ICRU-49 as a function of energy.
6.2.5 Primary proton loss at water equivalent depths
60 MeV - Analytical calculation
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Figure 6.13 Analytical calculation o f fraction o f incident o f  proton as a function o f depth in water, 
graphite, aluminium and copper for a) 60 MeV and b) 200 MeV protons
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Figure 6.14 Analytical calculation o f fraction o f incident o f proton as a function of depth in water, 
water, PMMA and A-150 a) 60 MeV and b) 200 MeV
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Figure 6.15 Analytical calculation o f  fraction o f incident o f  proton as a function o f depth in water, and 
plastic-water materials: PW, PWDT and WTl a) 60 MeV and b) 200 MeV
All Figures above (Figs. 6.13, 6.14 and 6.15) show the results of analytical calculations 
for a mono-energetic proton beam normalized per incident particle with initial energies Eo= 
60 MeV (left) and 200 MeV (right) respectively in different target materials (titled on 
figures). The differences in the attenuation of the primary proton beams was due to the 
differences in the inelastic nuclear cross-sections for these materials. The reduction of 60 
MeV and 200 MeV primary protons numbers in different materials over their CSDA ranges is 
illustrated in table 6.6 & 6.7. This reduction results from the inclusion of nuclear interactions 
without production of secondary particles. This corresponds to about 1.4% attenuation per cm 
in water for 60 MeV, and -1 %  attenuation per cm in water for 200 MeV.
Table 6.6 Percentage of primary protons attenuated in different materials for 60 MeV and 200 MeV
Materials
Primary proton attenuation
60 MeV 200 MeV
water 4.2% 2T6%(1.4%/cm) (0.94%/cm)
graphite 5.594 (1.8 %/cm)
29.0% 
(1.1 %/cm)
Aluminium 5.0%(1.6%/cm)
27T94
(1%/cm)
Copper 4.3%(1.4%/cm)
252%
(1%/cm)
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Table 6.7 An approximate percentage o f primary proton attenuation in PMMA, A-150 and plastic- 
water materials at 60 MeV and 200 MeV incident proton energies. The rate of proton loss per cm is 
also given (in brackets)._______________________________
Materials
Prim ary proton attenuation
60 MeV 200 MeV
Water 4.4% 24.0%(1.4%/cm) (0.96%/cm)
PMMA 4.5% 24.9%(1.5 %/cm) (1%/cm)
A-150 4.7% 24.2%(1.5%/cm) (0.97%/cm)
PW" 4.7% 24.4%(1.5%/cm) (1%/cm)
5.0% 26.6%PWDT" (1.6%/cm) (1%/cm)
W Tl" 4.9% 25.2%(1.6%/cm) (1%/cm)
‘using calculated stopping power
200 MeV - Analytical calculation60 MeV - Analytical calculation
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Figure 6.16 Fraction of incident proton as a function o f water equivalent depth a) 60 MeV and b) 200
MeV
The number of surviving primary protons at water equivalent depths for 60 MeV and 
200 MeV is shown in Fig. 6.16a & b. Although the scale was normalized by the scaling 
correction factor using equation 4.17 the number of proton at equivalent depth was not the 
same for all materials. This difference is primarily due to the non-elastic nuclear cross section 
being different in these materials.
These results agreed with the non-elastic nuclear cross-section per atomic mass unit as a 
function energy and as a function of water equivalent depths from lCRU-63 (ICRU-63 2000). 
Fig. 6.17b shows that the non-elastic nuclear cross sections are different in different material 
and growing in depth. This results in a reduction of the number of primary protons reaching
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the end of the track and consequently do not contribute to the energy loss at the Bragg-peak. 
In addition Fig. 6.17a illustrates that the non-elastic nuclear cross sections increase below 100 
MeV with decreasing energy down to about 20 MeV which explains the higher attenuation 
rate in 60 MeV compared to 200 MeV.
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Figure 6.17 Non-elastic nuclear cross section per atomic mass unit a) as a function of energy and b) as 
a function of WED for 60 MeV -  from ICRU-63
6,2.6 Attenuated energy loss
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Figure 6.18 Analytical calculation for attenuated energy loss at water equivalent depths for a) 60 MeV 
primary proton and b) 200 MeV primary proton
The attenuated energy loss, in Fig, 6.18a & b demonstrates the effect the non­
elastic nuclear interaction on the energy loss as the proton slowing down in depth. It was 
observed that the Bragg-peak for the 200 MeV dropped compared to the un-attenuated energy 
loss in Fig. 6.1 lb by approximately 50% however it was expected that the drop wouldn’t be 
more than 30% (of the same percentage of proton attenuation per unit depth, see table 6.7). 
This was due to the resolution of water equivalent depth which was 0.5 cm for 200 MeV. In
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plateau region the drop was of proximately the same percentage of proton attenuation per unit 
depth. For the 60 MeV protons, this effect was not clearly observed in scale because the 
attenuation percentage was small (a few percent) compared to 200 MeV. These results were 
found to be in agreement with a Monte Carlo study by Wroe (Wroe, Cornelius et al. 2005) 
who found a reduction of the Bragg-peak of about 40%.
6.2,7 Attenuated energy loss ratio
The ratio of attenuated energy loss ( ) at water equivalent depths for all
materials increased slightly with depth with respect to water. Fig. 6.19a & b show a 
comparison of un-attenuated energy loss ratio and attenuated energy loss ratio respectively for 
water/graphite in 200 MeV. It was observed that the attenuated energy loss ratio increased by 
about 4% across the entire depth compared to almost constant value for un-attenuated energy 
loss ratios. This increase represents more attenuation in primary proton fluence in graphite 
with respect to water.
A water/graphite
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Figure 6.19 Calculated energy loss ratio water/graphite at water equivalent depths in 200 MeV proton 
a) un-attenuated energy loss ratio b) attenuated energy loss ratio
6.2.8 Fluence correction for various relevant materials
6.2.8.1 Based on energy loss ratio
Using equation 6.10, the ratio of the attenuated energy loss ratio water-to-phantom 
material, IsEf"' /  , and un-attenuated energy loss ratio water-to-phantom material,
^ i r n - a tm  y  ^ at Water equivalent depths yields the  fluence correc tion  fac to rs w ith
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respect to water, Since the un-attenuated energy loss ratio gives an almost equal value to 
the linear stopping power ratio as described in Fig. 6.19, then ’^kp can be given as
6.9
In a same way, the fluence correction factor with respect to graphite, k^ji, was calculated for 
the same materials.
It was observed in Fig. 6.20a that the fluence correction factor with respect to water, 
'^kji, increased to about 1% for aluminium and 1.5% for graphite up to entire depth at 60 MeV 
protons, while it was almost unity for copper, as well as it was unity for PMMA, A-150 and 
plastic-water materials as shown in Figs. 6.21a & 6.22a.
The k^fl for 60 MeV in Figs 6.20b, 6.21b & 6.22b was increasing to ~ 1% up to 2.5 cm 
depth for copper, PMMA, A150 and all plastic-water materials and less than 1% for 
aluminium.
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Figure 6.20 Fluence correction factor based on energy loss ratio calculation for 60 MeV protons in 
graphite, aluminium and copper a) with respect to water and b) with respect to graphite
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Figure 6.21 Fluence correction factor based on energy loss ratio calculation for 60 MeV protons in 
PMMA and A-150 a) with respect to water and b) with respect to graphite
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Figure 6.22 Fluence correction factor based on energy loss ratio calculation for 60 MeV protons in 
plastic-water materials a) with respect to water and b) with respect to graphite
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Figure 6.23 Fluence correction factor based on energy loss ratio calculation for 200 MeV protons in 
graphite, aluminium and copper a) with respect to water and b) with respect to graphite
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Figure 6.24 Fluence correction factor based on energy loss ratio calculation for 200 MeV protons in 
PMMA and A-150 a) with respect to water and b) with respect to graphite
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Figure 6.25 Fluence correction factor based on energy loss ratio calculation for 200 MeV protons in 
plastic-water materials a) with respect to water and b) with respect to graphite
At high energies the increased to a few percent as shown in Fig. 6.23a; 8% for 
graphite, 4% for aluminium and 2% for copper. While with respect to graphite in the next 
figure (Fig.23b), the ^kp was systematically decreasing with depths for all materials: ~ 2% for 
aluminium and ~ 5% for copper up to 25 cm depth. The fluence correction factor for PMMA 
also showed an increase to abut 2% with respect to water and a decrease to ~ 4% with respect 
to graphite. ThQ '^kp for A-150 was almost unity for a high-energy proton beam, however, it 
decreased to ~ 8% up to 25 cm depth with respect to graphite (Fig. 6.24a).
In Fig 6.25a the'^^ increased to a ~2 % for PWDT -1 %  for W Tl, however it was unity 
for PW up to the entire range. The ^kp in Fig. 6.25b shows a systemic deceasing with depths 
for all materials ~ 4% for PWDT, 5% for WTl and 6% PW.
This increase and the decrease in the fluence correction factor for these two cases Ç’kp 
& ^kp) is due to the fact that among all materials the primary proton loss is the least for water 
and the most for graphite (see tables 6.6 & 6.7).
6.2.S.2 Based on the number of surviving protons ratio
The ratio of surviving primary protons for water and different materials at water 
equivalent depths, yield the fluence correction factor with respect to water, '^ kp. The ratio of 
surviving protons for graphite and different materials at water equivalent depths yield the 
fluence correction factor with respect to graphite, ^ kp.
It was observed that the fluence corrections that were obtained by this method were 
very close to those obtained previously by energy loss ratios.
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Figure 6.26 Fluence correction factor in different target materials based on the number o f primary 
proton surviving the attenuation using analytical calculation for 60 MeV protons a) with respect to
water and b) with respect to graphite
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Figure 6.27 Fluence correction factor in different target materials based on number o f primary proton 
surviving the attenuation using analytical calculation for 200 MeV protons a) with respect to water and
b) with respect to graphite
These results can be compared with the ratio of the non-elastic nuclear cross-section per 
atomic mass unit from ICRU-63 in Fig. 6.28a as a function of depth. It shows an increase at 
very low energies in the Bragg-peak region, while in Fig. 6.28b it is energy dependence 
especially at low energies below 100 MeV.
99
Fluence correction  factor for various m aterails in clin ical yoroton  dosim etry
C hapter 6 -  Fluence correction  fa c to r  by an alytica l calculation
P M M A
1.20
o
5 1.10
Io 1.00
0.90
tn 0.80
0.70O
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
(cm)
(b)
- A - 1 5 0
-A I
P M M A
- C u
- g r a p h i t e
1.20
.0
1.10
I  1.00 
.2
tj 0.90
Î 0.80
Ü 0.70
200 3000 100
Energy (MeV)
Figure 6.28 Non-elastic nuclear cross-section ratio with water a) as a function o f depth for 60 MeV
protons and b) as a function of energy.
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Chapter 7
7 Fluence correction factor by Monte Carlo 
simulation
7.1 Mathematical formalism
a) Fluence correction factor with respect to water ^ kji
The Monte Carlo code FLUKA was used to calculate directly dose to water in water 
phantom and dose to any phantom material of different composition as a function of depth. 
FLUKA uses Bethe-Bloch mass collision stopping powers, Sei,i(E)/p. The charged particle 
fluence distribution differential in energy, 0^, for all charged particle type z, was also 
calculated as a function of depth in all phantom materials. Transport was simulated until the 
particles lose all of their kinetic energy. The relation between dose to water and the fluence 
distribution is given by:
dE 7.1
and a similar expression holds for the relation between dose to a non-water phantom material 
to the fluence distribution in the non-water phantom.
The dose ratio at equivalent depths can thus be expressed in terms of cavity integrals as:
y
1 0 I  P J
-dE
i 0 I p  J
-dE
ph
7.2
If the charged particle fluence distributions in both phantom materials are equal, i.e. = 
^E,pi,h for all energies and all charged particle types, then D^ (d^ ..eq) and Dpfdpf) are related by
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the mass collision stopping power ratio, s^ .pi, for the total charged particle fluence distribution 
in graphite.
-  ^w,ph(,^)ph
^phi^ph)
Thus stopping power ratio can be written as
7.3
^w,ph(^ph) -
E
i 0 P y
-dE
w
I/•
■^ max,/
1
0 P J -dEph
7.4
Also the stopping power can be equally determined from the charged particle fluence in water 
phantom.
I
7 p ■dE
7
7 ph
7.5
However, the fluence distributions at water equivalent depth are not equal in both phantoms 
i.e. 9^  ^E,pi,i, Therefore, a correction accounts for the fluence distribution difference in 
both phantoms, is introduced:
^^w-eq )
-  ^w,phi^)ph'
kji —
^phi^ph)' ^w,ph(^)ph
7.6a
7.6b
In this study this equation was used to calculate the fluence correction factor and then 
compared with the fluence correction obtained from the following equation (7.7).
From equations 7.2, 7.4 and 7.6 the fluence correction factor can be given by:
1 0 2
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'V  =
E -dE
i 0 K p  J
E I ^ e .p u A E ) - -dE
; 0 V P  7 M’
7.7
Note that in equations 7.4 and 7.5 the fluences are assumed to be the same but the stopping 
powers are different while in equation 7.7 the fluences are different and the stopping powers 
the same. It is clear that by Monte Carlo simulation the fluence correction factor can be 
calculated directly by equation 7.6 for the dose ratio including all charged particle types at 
water equivalent depths and stopping power ratio, and by Eq. 7.7 for each type of particle 
fluence distribution differential in energy in both phantoms at water equivalent depths or a 
sum of different particles fluence distributions in energy.
b) Fluence correction factor with respect to graphite k^ji
In similar way the fluence correction factor can be derived with respect to graphite.
^ p h  ^ ^ w - p h  )  • ^ g , p h  ( ^ ) p h
7.8
E
E
-dE
-dE
7.9
In the case of conversion from dose to any material of interest to dose to water using fluence 
correction factors obtained with respect to graphite, the following equation can be used in the 
Monte Carlo calculation.
{d^_gq ) = Dpi {dpi ). s^  pi (0 )p i . . ’^ kji 7.10
where the fluence correction factor for any phantom materials with respect to graphite.
The relevance is that experimental fluence correction factors not have been determined for all 
materials by direct comparison with water but some, indirectly by a comparison with graphite.
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7.L1 Geometry model
7.1.1.1 Simple geometry for death dose distribution
Figure 7.1 shows the geometry of the water target used in the simulations. The target 
was cylinder with radius 4 cm and a depth of 3.2 cm for a 60 MeV mono-energetic pencil 
proton beam and 27 cm for a 200 MeV mono-energetic pencil proton beam. The target was 
sliced into small bins each 0.01 cm for 60 MeV and 0.05 cm for 200 MeV. Using the 
USRBIN detector in FLUKA, the depth dose distribution and the fluence differential in 
energy as a function of depth were scored (more information in scoring section 7.2.3). (see 
Appendix E)
Mono-energetic pencil 
proton
- 60 MeV
- 200 MeV
Each bin is 0.01 cm for 60 MeV and 
0.05 cm for 200 MeV
Figure 7.1 Diagram of simple geometry for MC simulation water target, which has a 4 cm radius, and 
(a) 3.2 cm depth for 60 MeV protons or (b) 27 cm depth for 200 MeV protons.
7.1.1.2 CCO beam line geometry
The layout of the Clatterbridge Center for Oncology proton beam line is illustrated in 
Fig 7.2. It starts just after the final focusing magnets of the cyclotron in vacuum and ends with 
the final brass collimator in air. The beam line consists of a double scattering tungsten foil 
system incorporating a central brass stopper all in vacuum. The stopper removes the central 
part of the beam after the first scattering foil and the second scattering foil provides a uniform 
distribution of the lateral beam profile over an area of 3 cm in diameter at the end of the beam 
line. In air are a range shifter (which was not considered in this geometry), a range modulator 
wheel (described below) to spread out the Bragg-peak and to provide a uniform depth dose 
distribution over the target volume, as well as a parallel-plate ion chamber for monitoring, 
anti-scatter brass collimators and final brass collimator to defined the final target area. A
104
Fluence correction  factor for varions m aterails in clin ical poroton dosim etry _________________________________________________________________
C hapter  7 -  Fluence correction  fa c to r  by M onte C arlo  sim ulation
description of the beam line components and their position according to the z coordinate is 
illustrated in table 7.1. (Cosgrove, Aro et al. 1992)
In order to be consistent with our experiment, the Roos chamber which served as an 
external monitor was added to the geometry.
62.2 MeV mono-energetic. 2 mm radios
parallel beam of 2 mm radius
Air
Air
f  I Uj Vacuum
2 3 4 6 7 8 9 10 11 121 5
Figure 7.2 CCO beam line geometry for MC simulation. The components are illustrated in table 4.1
Table 7.1 Components of CCO beam line geometry. The z coordinate o f each material represents 
nearest surface to source.
Components Material Densityg/cm^ Dimensions
z coordinate 
(cm)
1 Pre-collimator Brass 8.75 1.0 cm thickness 0.3 cm hole radius
-216.2
2
Scattering foil Tungsten 0.0025 cm thickness -213.2
3 Stopper
Brass 8.75 0.66 cm thickness 
0.2855 cm radius
-191.26
4 Scattering foil Tungsten 0.0025 cm thickness -190.6
5
Kapton window Kapton 1.42 0.005 cm -185.545
6 Modulator wheel PMMA 1.19 0.084 cm each step -160
7 Collimator Brass 8.75 1.0 cm thickness2.0 cm hole radius
-135.6
8 Ion chamber MylarAluminium
1.38
2.69
0.002 cm 
0.0004 cm
-75.6
-75.5
9 Collimatornozzle
Brass 8.75 7.8 cm thickness 
1.7 cm hole radius
-15.6
10 Collimator
Brass 8.75 0.8 cm thickness 
0.2 cm hole radius
-7.8
11
12
Roos Chamber 
Target material
PMMA 
as appropriate
1.19 0.25 cm thickness 
3 cm hole radius 
As appropriate, 
composition in Appendix 
E.III
-6.9
0
MICA window 
Air
For water''
phantom
2.9
1.203e-3
0.01 cm, composition in 
Appendix E.III
-0.1
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7.1.1.3 Modulator wheel
For the full modulated beam, i.e. the beam is modulated over the entire range, the 
simulation was performed by 32 runs for each material. In each run the thickness of the 
PMMA plate was increased by 0.084 cm steps until the last run in which the plate thickness 
was 2.68 cm (see Fig. 7.3). These 32 Bragg Peaks are modulated in range and intensity. The 
duration that each peak remains in beam is a function of the fraction weighted angle (see table 
7.2). Therefore, the sum of these different modulated Bragg Peaks in depth results in the 
modulated beam
Figure 7.4a shows 32 Bragg Peaks modulated in range and intensity in water target. The 
first peak was obtained from the open sector. Figure 7.4b represents the same Bragg Peaks but 
as a function o f the fraction weighted angle from the above table. The sum of different 
modulated Bragg Peaks in each depth results in modulated Bragg curve as a function o f depth 
as shown in figure 7.4c.
Figure 7.3 Modulator wheel (769/02) 
Table 7.2 Data and calculation for PMMA modulator wheel (769/02).
Runs
PMMA
step size 
(cm)
Angle Fractionangle
Fraction weighted angle 
(fraction angle/45)
Open beam peak 0.000 45.00 5.715 0.1270
Peakl 0.084 39.29 1.491 0.0331
Peak2 0.168 37.79 1.583 0.0352
Peaks 0.252 36.21 1.344 0.0299
Peak4 0.336 34.87 1.255 0.0279
Peaks 0.420 33.61 1.135 0.0252
Peak6 0.504 32.48 1.115 0.0248
Peak7 0.588 31.36 1.043 0.0232
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Peaks 0.672 30.32 1.043 0.0232
Peak9 0.756 29.28 1.009 0.0224
Peakl0 0.840 28.27 0.994 0.0221
Peakl1 0.924 27.27 1.017 0.0226
Peakl2 1.008 26.26 0.997 0.0222
Peakl3 1.092 25.26 1.01 0.0224
Peakl4 1.176 24.25 1.028 0.0228
Peakl5 1.260 23.22 1.019 0.0226
Peakl6 1.344 22.20 1.067 0.0237
Peakl? 1.428 21.14 1.035 0.0230
Peakl8 1.512 20.10 1.11 0.0247
Peakl9 1.596 18.99 1.095 0.0243
Peak20 1.680 17.90 1.123 0.0250
Peak21 1.764 16.77 1.166 0.0259
Peak22 1.848 15.61 1.172 0.0260
Peak23 1.932 14.43 1.218 0.0271
Peak24 2.016 13.22 1.246 0.0277
Peak25 2.100 11.97 1.295 0.0288
Peak26 2.184 10.68 1.356 0.0301
Peak27 2.268 9.32 1.39 0.0309
Peak28 2.352 7.93 1.501 0.0334
Peak29 2.436 6.43 1.618 0.0360
Peak30 2.520 4.81 1.78 0.0396
Peak31 2.604 3.03 2.102 0.0467
Peak32 2.688 0.93 0.928 0.0206
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F ig u re  7 .4  a) Bragg-peaks in water for different step-thicknesses of PMMA modulator, b) Bragg- peak 
as a function of fraction weighted angle c) modulated Bragg-peak in water for different step- 
thicknesses of PMMA modulator. Obtained by FLUKA
7.1.1.4 Target geometry for fluence spectra as a function of 
depth
As shown in Fig. 7.5 that the target split into many regions each is 0.1 cm. These region 
were associated with USRTRACK detector to calculate the fluence differential in energy as 
described in section 7.2.3 below.
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Thicker regions (with blue 
colour) are not associated 
with USRTRACK -  no 
scoring -  the thickness o f this 
region is 0.4 mm for 60 MeV 
and 4 mm for 200 MeV.
(yellow colour)
m
- 60 MeV & 200 MeV 
Mono-energetic 
particle protons
- 60 MeV CCO un­
modulated beam
0.1 mm
dV/dE
Depth
Figure 7.5 Target geometry for MC simulations. The target was sliced into multiple regions. Only 
regions that 0.1 cm thickness are associated with USRTRACK (yellow colour).
7.1.2 Beam description
The characteristics of the beam such as type o f the particle, energy profile and direction 
was specified by the BEAM and BEAMPOS cards. For mono-energetic proton beams and 
simple target geometry, the beam starts from a single point. The profile of the beam was set 
by default to a rectangular (non-Gaussian) shape. The position of the beam was set to be 1 
mm distance from the target in the z direction and the incident kinetic energy of the proton 
beam was set to 60 MeV for all target materials and then to 200 MeV for all materials.
Beam features were also specified in the case of the CCO beam line simulation. The 
beam started at -225 cm in the z direction with a kinetic energy of 62 MeV (the extracted 
energy at CCO cyclotron) (Cosgrove, Aro et al. 1992; Bonnett, Kacperek et al. 1993). The 
resulting beam spot at the collimator exit has a mean energy of 60 MeV. The maximum radius 
of an annular beam spot was set to be 2 mm, the minimum was zero. The number of proton 
histories was 10  ^ in simple geometry and 10  ^for the CCO beam line geometry. Since 32 runs
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were done for each material in modulated beam, it was assumed that 2 million histories was 
sufficient for obtaining an acceptable statistical uncertainty.
7.1.3 Physics settings
For hadron therapy simulations, the DEFAULTS card set to HADROTHErapy was 
used. The default option in this card enables the calculation of ionization energy loss of 
charged particles with ionization fluctuation. The cut-off energy was set, by default, at 100 
keV for primary and secondary particles (see section 5.2.5.3). The charged particle transport 
threshold and delta ray production threshold was also 100 keV by default.
In addition, two other physics parameters were used to control the proton transport 
calculation: the EVENTYPE card which was used to ensure that all heavy recoils and ions are 
transported with energy loss and multiple scattering, as well as the PHYSICS card set to 
SDUM=EVAPORATion to allow the new hadronic evaporation models with heavy fragment 
evaporation and inclusion of heavy ion nuclear interactions.
7.1.4 Scoring
(i) Depth dose distributions for protons in the different target materials were scored by 
the USRBIN detector card. In this card the dose is scored in uniform slabs defined 
independently from the geometry, called binnings. Each bin was set to 0.01 cm thickness for 
all materials. USRBIN-DOSE is expressed in GeV/g in FLUKA.
(ii) Fluence distribution (attenuation) for primary and secondary in depth was scored 
by the USRBIN detector card - PROTON option. Each bin was set to 0.01 cm for all material. 
The fluence in FLUKA is expressed in terms of density of track-length (sum of particle track 
length) per volume that the tracks cross (see section 3.3.1) (Jeffrey V. Siebers 2009) 
normalized per unit volume per primary particle (e.g. cm/cmVincident particle = cm'^ per 
incident particle).
(iii) Fluence differential in energy for protons and for secondary alpha particles as a 
function o f depth was scored by using the USRTRACK detector card which is a geometry 
dependent option. In order to obtain the fluence differential in energy (E) as a function of 
depth the target was split into many separated regions each of 0.1 cm water equivalent 
thickness and with each of these regions a USRTACK detector card was associated as shown 
in Fig. 7.4.
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In each region the fluence spectra were calculated in 200 energy bins for all materials. 
Therefore, each bin was 1 MeV for 200 MeV protons and 0.3 MeV for 60 MeV protons. The 
results of USRTRACK are given as differential spectra dN/dE in unit N/cm^ GeV per incident 
particle.
The fluence correction factors with respect to water, k^ji, and with respect to graphite, 
were obtained by using three methods:
(i) Based on the ratio o f the number o f protons at WEDs
(ii) Based on the ratio of calculated doses at WEDs using equation 5.6
(iii) Based the ratio of fluence spectra convolved with water mass stopping power at WEDs 
using equation 5.7. This method included two cases. In the first case the kji was calculated for 
protons only while in the second case the calculation was extended to include secondary alpha 
particles. The contribution of other secondary particles to the dose is assumed be very small. 
Paganetti found using Geant4 that the contribution of the dose due tritium, deuterons, helium- 
3 and alpha particles is less than 0.1%. (Paganetti 2002).
7,1.5 Water equivalent depth calculation
For Monte Carlo calculations and experimental measurements, the range scaling factor, 
Cpi =  rso-Jrso-pi, was calculated from the ranges ratio o f rgo-w and rso-pi which are the ranges in 
water and phantom material respectively, where the dose at the distal edge o f Bragg-peak 
dropped to 80% of the dose maximum since this is assumed to correspond to the point where 
the number o f protons drops to 50% (Moyers M  F 2007) o f protons surviving the attenuation 
process.
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7.2 R esults and discussion
7.2.1 Proton loss for different beam features
7.2.1.1 Mono-energetic beam
60 MeV m ono-energetic beam
 W a te r   G ra p h ite  ----------- (
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n
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Figure 7.6 Mono-energetic proton beam in different target materials. Number o f protons as a function 
o f  depth is normalized per incident particle for a) 60 MeV and b) 200 MeV.s
In Monte Carlo simulations both primary and secondary protons were scored. 
Compared to the analytical calculation, the curve fashion in the attenuation curves in Fig 7.6a 
& b above represent the secondary proton production for 60 MeV and 200 MeV respectively. 
WEDs were then calculated in order to evaluate the fluence correction factor for these 
materials in mono-energetic beam.
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7.2. L 2 Un-modulated beam
60 MeV un m odulated beam
l.E-04  water
 graphite
7.E-04
AI6.E-04
5 5.E-04
4.E-04
2 3.6-04
îfi 2.E-04
1.E-04
O.E+00
2.0 2.5 3.00.0 0.5
Depth (cm)
Figure 7.7 Number o f protons as a function of depth in different target materials using 60 MeV un 
modulated beam in CCO beam line geometry.
Fig. 7.7 shows the proton attenuation in the different materials using the 60 MeV CCO 
beam line geometry. It was observed that only 0.07% (-7000) of protons incident on the first 
scatter foil (107) has reached the surface of the target, the rest has been absorbed in the beam 
line geometry such as the brass stopper, collimators and scattering foils therefore, the number 
of proton with depth was normalized to unity as shown in Fig. 7.8a. It was observed that the 
attenuation for un-modulated beam is much larger than for the mono-energetic beam of the 
same energy. About 20% of protons disappeared compared to only a few percent in a mono- 
energetic proton beam. This could be due to scattered protons from the brass collimator at the 
beam exit that interact with the target and that have a lower energy than the primary protons.
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Figure 7.8 FLUKA calculation of the total number o f protons (primary and secondary) in the 60 MeV 
CCO un-modulated beam geometry a) as a function o f depth and b) as a function o f WED.
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7.2.1.3 Modulated CCO beam
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Figure 7.9 a) Fraction number of protons in water phantom at each step of PMMA modulator wheel 
normalized to No in water phantom obtained by FLUKA. b) Number o f protons as a function of
fraction weighted angle.
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Figure 7.10 The sum of proton number for different target materials at each step of modulator wheel, 
a) as a function o f depth and b) as a function o f WEDs.
Fig. 7.9a shows the number of protons for each PMMA step thickness illustrated in 
table 7.2. The number of surviving protons weighted with the fractional angles o f each 
PMMA modulator wheel step is shown in figure 7.9b. Similar to un-modulated beam the 
number o f protons was normalized to unity reaching the target for open beam, knowing that 
the fist attenuation curve was obtained from the open sector of the modulator. The sum o f 
number o f protons in each depth (bin o f 0.01 cm thickness) results in the number of protons 
as a function of depth for the modulated beam as shown in Fig. 7.10a. In this Fig., it was 
observed that 50% of protons were attenuated by the modulator wheel and ~30% were
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attenuated in the material in slowing down process, with only ~ 20% of the protons reaching 
the end o f the track and contributing to the dose in Bragg-peak region. Fig. 7.10b represents 
the number of proton for different materials as a function of water equivalent depths 
calculated using range scaling factor for range at the point where the number of protons drops 
to 50% of proton surviving the attenuation process in the open beam (open sector of the 
modulator)
7.2.2 Dose distribution for various materials relevant to dosimetry
In this part depth dose distribution for water, graphite, PMMA and copper and plastic- 
water materials at 60 MeV and 200 MeV mono-energetic pencil beams and 60 MeV un­
modulated and modulated beams was obtained in order to calculate the fluence correction 
factor from the ratio of the dose and mass stopping power ratio.
7.2.2.1 Mono-energetic beam
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Figure 7.11 Depth distributions in different materials for mono-energetic proton pencil beams o f a) 60 
MeV and b) 200 MeV calculated using FLUKA
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Figure 7.12 Depth dose distribution for a 60 MeV mono-energetic proton beam in plastic-water 
phantom materials, A -150 tissue equivalent plastic and PMMA as a function o f depth calculated using
FLUKA
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Figure 7.13 Depth dose distribution for a 200 MeV mono-energetic proton beam in plastic-water 
phantom materials, A -150 tissue equivalent plastic and PMMA as a function of depth calculated using
FLUKA
Figures 7.13 show depth dose distribution for different plastic-water phantom materials, 
PMMA, A-150 tissue equivalent and copper and aluminium using 60 and 200 MeV 
respectively. The difference in CSDA ranges for plastic-water materials was very small and 
very close to water. Tables 7.3 & 7.4 show the ranges of 60 MeV and 200 MeV in different 
beam modalities.
Table 7.3 FLUKA calculation for ranges for different materials in different beam modality. The 
uncertainty was estimated from scale resolution.
Material Density(g.cm'^)
Ranges rgo 
200 MeV (cm)
Ranges rso 
60 M eV (cm)
Mono-
energetic
beam
Mono-
energetic
beam
Un­
modulated
beam
Modulated beam
Water 1 25.88+0.05 3.08+0.01 2.71+0.01 2.71+0.01
Graphite 1.7 17.02+0.05 2.02+0.01 1.79+0.01 1.80+0.01
Aluminium 12.26+0.05 1.49+0.01 1.33+0.01 1.32+0.01
Copper K96 4.27+0.05 0.53+0.01 0.47+0.01 0.47+0.01
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Table 7.4 FLUKA calculation for ranges for A-150, PMMA and plastic-water materials in different 
beam modality. The uncertainty was estimated from scale resolution.
Material Density
Ranges rgo 
200 M eV
Ranges rgo 
60 MeV
(g.cm'3) Mono-
energetic
beam
Mono-
energetic
beam
Un-modulated
beam
Modulated
beam
Water 1 25.88±0.05 3.080+0.001 2.711+0.001 2.714+0.001
A-150 1.127 22.75+0.05 2.700+0.001 2.397+0.001 2.400+0.001
PMMA 1.19 22.21+0.05 2.640+0.001 not investigated not investigated
PW 1.013 25.77+0.05 3.060+0.001 2.749+0.001 2.721+0.001
PWDT 1.039 25.90+0.05 3.085+0.001 2.772+0.001 2.744+0.001
WTl 1.020 25.86+0.05 3.073±0.001 2.761+0.001 2.733+0.001
Dose distributions as a function of water equivalent depth for some materials are shown 
in Fig. 7.12a & b for 60 MeV and 200 MeV. Water equivalent depths for these materials were 
calculated using the range scaling factors in table 7.6 which were obtained from equation 
3.17.
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Figure 7.14 Depth dose distribution at WED in different materials for mono-energetic proton pencil 
beams o f a) 60 MeV and b) 200 MeV. calculated using FLUKA
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Table 7.5 Range scaling factors for plastic-water materials obtained from FLUKA calculations in 
different beam modalities______________________________________________________________________
Range scaling factor rgo.Jrgo-ph
Material
Mono-energetic 
beam 200 MeV
Mono-energetic 
beam 60 MeV
U nm odulated  
CCO beam 
60 MeV
Modulated CCO 
beam  
60 MeV
A-150 1.13752 1.14105 1.13080 1.13068
PMMA 1.165176 1.16638 Not investigated Not investigated
PW 1.00449 1.00677 0.98601 0.99752
PWDT 0.99920 0.99849 0.97783 0.98917
W Tl 1.00104 1.00250 0.98200 0.99305
Table 7.6 Range scaling factors for different materials obtained from FLUKA calculations in different 
beam modalities
Range scaling factor rgo-Jrso-ph
M aterial
Mono-energetic 
beam 200 MeV
Mono-energetic 
beam 60 MeV
Unm odulated  
CCO beam 
60 MeV
Modulated CCO 
beam  
60 MeV
Graphite 1.520899 1.52143 1.507 1.506
Aluminium 2.111476 2.06908 2.040 2.045
Copper 6.051008 5.82694 5.771 5J28
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Figure 7.15 Depth dose distributions in different materials obtained by FLUKA for the un-modulated 
CCO beam geometry a) before normalization and b) normalized to the number of protons hitting the
target.
A reduction in the dose was observed in the un-modulated beam from the 60 MeV CCO 
beam geometry simulation in Fig 7.15a compared to the 60 MeV mono-energetic beam in Fig
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7.11a mainly due to the reduction in protons from interactions with the beam line geometry, 
especially the brass stopper, as mentioned in proton attenuation section above. Thus, the dose 
was normalized to No, the number of proton that reach the target in Fig. 7.8b. In addition to 
the reduction in dose, a decrease in range was also observed. This reduction was mainly due 
to ROOS chamber (~ 0.25 cm PMMA) positioned at the exit o f the beam line (see Fig. 7.2 
CCO beam line geometry) which has reduced the ranges by about 0.297 cm water equivalent 
and Mica window for water phantom (0.01 cm thickness) has reduced the range of water of 
about 0.025 cm.
7.2.2.3 Modulated beam
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Figure 7.16 The sum o f different modulated Bragg-peak as a function o f depth (modulated Bragg- 
curve for 60 MeV proton obtained by FLUKA simulation, b) Bragg-curve as a function o f WEDs
Figure 7.16a shows the sum of depth dose distribution in each depth (bin o f 0.1 mm 
thickness) that results in a modulated Bragg-curve as a function o f depth. The fluctuation and 
the ripples on the modulated depth dose curve were due to modulator wheel and mainly due 
to statistical uncertainty since the number of protons was sharply reduced compared to the 
mono-energetic beam as discussed in sections 7.2.1.2.and 7.2.1.3. Water equivalent depths 
for all material were calculated using the range scaling factor based on r^ o (tables 7.5 & 7.6) 
for modulated beam as shown in Fig. 7.16b.
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7.2.3 Dose ratio for different beam modality
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Figure 7.17 Dose ratio comparison between un-modulated, modulated and mono-energetic beams in
different materials
Fig. 7.17 shows a comparison of the dose ratios against water obtained from un­
modulated, modulated beam and mono-energetic beams for four materials, from the near­
tissue equivalent A-150 to the non tissue equivalent metals. The increasing deviations that are 
observed, in particular for copper and aluminium in the mono-energetic beam are thought to 
be due to the fixed resolution o f the bin, of 0.01 cm, and the decreasing proton range with 
increase in p.
Although the number of histories was set to be 2 million for each single depth dose 
distribution in modulated beam compared to 10  ^ for the un-modulated beam, the statistical 
type A uncertainty was around 0.6% and 0.7% for each bin in the depth dose distribution in 
the un-modulated beam and around 1% for each bin in the un-modulated single Bragg-curve
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used for modulated beam. The fluctuations in the modulated beam were relatively close to the 
un-modulated beam due to the fact that the modulated depth dose distribution was obtained 
from the sum of 32 individual simulations of Bragg-curve. Consequently, the statistical 
uncertainty for modulated beam depth dose distribution became relatively close to the un­
modulated beam (between 0.4 and 0.6%).
7.2.4 Fluence spectra as a function o f depth
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Figure 7.18 Fluence spectra for proton as a function o f depth in water for 60 MeV mono-energetic 
pencil proton beam and b) for secondary alpha particles
Fig. 7.18a presents the fluence differential in energy for a 60 MeV mono-energetic 
proton beam in water. The abundance of secondary alpha particle at all depth was low with 
energies below 10 MeV as shown in Fig.7.18b.
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7.2.5 Fluence correction factor based on the number of primary 
and secondary protons
7.2.5.1 For graphite, aluminium and copper
The fluence correction factor in figures 7.19 was obtained by the ratio of the number of 
primary and secondary protons as a function of water equivalent depth in different phantoms.
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Figure 7.19 Fluence correction factor for different target materials based on the number o f surviving 
protons at water equivalent depths calculated with FLUKA for a 200 MeV mono-energetic proton 
beam a) with respect to water and b) with respect to graphite
For a 200 MeV mono-energetic proton beam the fluence correction factor with respect 
to water shown in Fig. 7.19a was growing in depth to about 1% up to the entire range for 
aluminium. For graphite it increased to ~ 4%, while for copper it increased to 1% up to 5 cm 
depth and then decreased to ~ 2% below unity. In general, a reduction in the fluence 
correction factor was observed compared to the analytical calculation; this reduction suggests 
that the attenuation of primary protons in different materials compared to water is 
compensated by the secondary protons production which are modelled by FLUKA and not in 
the analytical calculation. However this was not the case for copper in which the fluence 
correction increased 1% up to 5 cm depth of at rate of 0.2/cm. Beyond this depth, the fluence 
correction factor decreased in an approximate liner fashion at a rate of 0.4/cm with respect to 
graphite and 0.16/cm with respect to water.
The fluence correction factor with respect to graphite k^p in figure 7.19b was decreasing 
to ~ 2% for aluminium and ~ 6% for copper up to 23 cm depth. Compared with the analytical 
calculations, the k^p for aluminium and copper was almost similar to the analytical method, 
this indicates that the production of secondary protons in copper and aluminium is almost the 
same as in graphite.
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At 60 MeV the fluence correction factor for graphite was growing to ~ 0.5% up to 2 cm 
in the mono-energetic beam, the un-modulated beam and the modulated beam. For 
aluminium, the and k^p were less than 0.5% up to 2.5 cm in mono-energetic and un­
modulated. In the modulated beam, the k^ji decreased to ~ 2% up to 2.5 cm depth (Fig. 7.22b). 
The "^'kfi for copper in figures 7.20a and 7.21a decreased to about 2% at penetration depths 
beyond 1.5 cm in the mono-energetic and the un-modulated beam. This decrease in the k^ji 
indicates that at large penetration depths (beyond 1.5 cm) and low energies the production of 
secondary protons in copper is higher than in water. In the modulated beam it gradually 
decreased as a function o f depth, k^p for copper grows as a function of depth to about 1% until 
2.5 cm depth in the mono-energetic beam and to about 2% and 4% in the modulated and the 
un-modulated beam as shown in figures 7. 20b, 7.21b and 7.22b.
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Figure 7.20 Fluence correction factors for different target materials based on the number o f surviving 
protons at water equivalent depths calculated with FLUKA for a 60 MeV mono-energetic proton beam 
a) with respect to water and b) with respect to graphite
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Figure 7.21 Fluence correction factors for different target materials based on the number o f surviving 
protons at water equivalent depths calculated with FLUKA for a 60 MeV un-modulated proton beam a) 
with respect to water and b) with respect to graphite
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Figure 7.22 Fluence correction factors for different target materials based on the number o f surviving 
protons at water equivalent depths calculated with FLUKA for a 60 MeV modulated proton beam a) 
with respect to water and b) with respect to graphite
7.2.S.2 For plastic-water phantoms, A-150 tissue equivalent and 
PMMA
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Figure 7.23 Fluence correction factors for plastic-water materials, A-150 and PMMA based on the 
number o f surviving protons at water equivalent depths calculated with FLUKA for a 60 MeV mono- 
energetic proton beam a) with respect to water and b) with respect to graphite.
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Figure 7.24 Fluence correction factors for plastic-water materials based on the number of surviving 
protons at water equivalent depths calculated with FLUKA for a 60 MeV un-modulated proton beam a) 
with respect to water and b) with respect to graphite
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Figure 7.25 Fluence correction factors for plastic-water materials based on the number o f surviving 
protons at water equivalent depths calculated with FLUKA for a 60 MeV modulated proton beam a) 
with respect to water and b) with respect to graphite
For the 60 MeV mono-energetic beam the fluence correction factors for plastic water 
materials, PMMA and A150 with respect to water was unity as shown in Fig 7.23a. The in 
Fig. 7.23b was ~ 0.5% below unity at most depth. For the un-modulated and modulated 
beams, the fluence correction factor with respect to water increased to about 0.5% up to 2.5 
cm depth and decreased to ~ 1% for all plastic-water materials and A-150 tissue 
equivalent as can be seen in figures 7.24 & 7.25.
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Figure 7.26 Fluence correction factors for plastic-water materials based on the number of surviving 
protons at water equivalent depths calculated with FLUKA for a 200 MeV mono-energetic proton 
beam a) with respect to water and b) with respect to graphite
For the 200 MeV mono-energetic beam the fluence correction factor with respect to 
water "’kfi increased to -1 %  for PMMA, PW& A-150 and ~ 2% for W Tl and PWDT up to 25 
cm depth as shown in Fig. 7.26a. With respect to graphite the fluence correction factor 
decreased in depth to few percents for all materials (2% to 3 %). The decrease of the fluence 
correction with depth below unity can be explained by the same reasons mentioned in section 
6.2.6.1.
The generally lower values compared with those from the analytical calculation 
indicate that the attenuation of primary protons in graphite is compensated by production of 
secondary protons.
7.2.6 Fluence correction factor based on dose ratio and fluence 
spectra at water equivalent depths
The fluence correction factors and k^p for gi'aphite, PMMA, aluminium, copper, A- 
150 tissue equivalent and three types of plastic-water were obtained via two calculation 
methods: (i) by calculating the dose ratio using Eq. 7.6 and (ii) by calculation the ratio o f the 
fluence spectra convolved with the water mass collision stopping power using Eq. 7.7. The 
second method includes two cases. In the first case the calculated A/was for protons fluence 
only (including secondary protons) while in the second case the calculation was extended to 
include secondary alpha particles.
7.2.6.1 kfi for graphite
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Figure 7.27 Fluence correction factor for graphite calculated using FLUKA simulation for a) 60 MeV 
mono-energetic proton beam b) including the uncertainty o f water-to-graphite stopping power ratio. 
The error bars in figure (b) correspond to the uncertainty on water-to-graphite stopping power ratio.
From the results for a 60 MeV mono-energetic proton beam in Fig. 7.27a, the 
observation was made that the considering only the fluence based calculation for proton 
fluence (titled by Fluence calculation P) was increasing to about 1% at 2 cm depth. When the 
fluence o f secondary alpha particles was included in the calculation (titled by Fluence 
calculation P+a), the ""kji at the surface lowered by about 0.5% but was, however, increasing 
to the unity at 2 cm depth with similar rate which was about 0.2/cm. This was mainly due to 
secondary alpha particles which will be discussed later. The result that based on the dose ratio 
calculation according to equation 7.6 (in which all types of charged particles were included in 
the simulation) the results were consistent with those based on the fluence calculation for both 
protons and alpha particles, indicates that the contribution of other secondary particles to the 
total dose was very small and negligible.
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Figure 7.28 Fluence correction factors for graphite calculated using FLUKA for a 200 MeV. Mono-
energetic proton beam
In Fig. 7.28 the observation was made that for protons of higher incident energy (200 
MeV), the that was obtained by the two calculation methods increased with depth up to a
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few percents at a rate of 0.4/cm after a penetration depth of 15 cm. Before this depth the 
fluence correction was about 1.5% below unity. A small difference between the based on 
the dose calculation and that based on the fluence calculation (p+a) was observed (about 
0.5%). This difference was mainly due to other secondary particles that contributed to the 
dose.
The statistical uncertainties on the fluence spectra and dose distributions (obtained from 
USRBIN and USRTRACK) in the FLUKA mono-energetic beam simulations are about 0.1% 
after merging five cycles and the uncertainty corresponds to a standard uncertainty (k=l). 
Therefore, the uncertainties for fluence correction factor demonstrated in the error bars were 
very small. However, in Fig. 7.21b the uncertainty of the water-to-graphite stopping power 
ratio (Karger and et al. 2010) which is about 1% was included. This indicates that for Monte 
Carlo calculation of the dose conversion the biggest uncertainty is due to the stopping power 
ratio.
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Figure 7.29 Fluence correction factors for graphite calculated using FLUKA for a 60 MeV a) un­
modulated proton beam and b) modulated proton beam
The '^kfi using the un-modulated and modulated CCO beam geometries are shown in 
Figs. 7.29a & b respectively. Calculations that based on the dose calculation also agreed with 
the mono-energetic beam results with an increase of ~ 1% in depth. However larger 
fluctuations in the results were observed. The uncertainty represented by the error bars was 
about 1%. This was mainly due to the statistical uncertainty due to reduction o f the number of 
proton in beam line geometry. The difference of 0.5% for fluence based calculation between 
protons and when alpha particles were included also agreed with the mono-energetic beam 
results.
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7.2.6.1.1 Contribution of secondary alpha particles to the dose in 
water and graphite
The reduction of the fluence correction factor when alpha particles were included in the 
calculation can be explained by Fig.7.30a that shows secondary alpha particle production 
cross-section per atomic mass unit for water and carbon (ICRU-63 2000). It is clear that the 
production cross section of secondary alpha particles is higher in carbon than in water, 
especially at low energies. For a better estimate and comparison o f the contribution of 
secondary alpha particle to the dose in both water and graphite, the cross section was 
multiplied by the mean energy of these secondary particles as shown in Fig. 7.30b. It was 
observed that the contribution of secondary alpha particles to the dose in graphite at proton 
energies o f 20 and 60 MeV is more than in water by factors 2.5 and 1.6, respectively.
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Figure 7.30 Secondary alpha production cross-section per nucleon for different incident proton energy
in water and carbon, from ICRU-63
The relative contribution (in percent) of alpha particles to the total dose in water and 
graphite (actually close to the total dose since only primary protons, secondary protons and 
secondary alpha particles were included in this calculation) in Fig. 7.31 was calculated from 
the fluence differential in energy for alpha particles and protons in water phantom and 
graphite phantom using mono-energetic beam and the following equations;
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The stopping power o f alpha particles and protons was extracted from FLUKA tables. It 
was found that alpha particles contribute about 1% to the total dose in graphite and 0.4% in 
water at 60 MeV protons and this slightly increased at higher energies to ~  1.4 % (decreasing 
with depth) in graphite and 0.6% in water as shown in Fig. 7.31a & b. The difference on 
fluence correction factor calculations using fluence based method (Figs. 7.27 & 7.28) for 
protons and when alpha particles were included at 60 and 200 MeV for the entire depth was 
approximately 0.5% for 60 MeV and not exceeding 1% for 200 MeV. This gives an 
explanation o f the 0.5% lower fluence correction factor when alpha particles were included in 
the calculation.
These calculations will be repeated for all materials below, with almost the same 
discussion.
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Figure 7.31 Secondary alpha particle contributions to the total dose (ignoring other secondary 
particles than protons and alphas) as a function o f depth for water and graphite calculated by FLUKA 
for a) 60 MeV protons and b) 200 MeV protons
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7.2.6.2 kflfor aluminium
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Figure 7.32 Fluence correction factor for aluminium calculated using FLUKA simulation o f a 60 MeV  
mono-energetic proton beam a) with respect to water and b) with respect to graphite
For a low energy mono-energetic proton beam as shown in Fig. 7.32a the fluence 
correction factor for aluminium with respect to water was found to be almost unity for 
fluence based calculation method. The increase with depth was less than 0.5% up to 2 cm 
depth. Agreement was found between fluence based calculation method and dose calculation 
method. This indicates that the production cross-sections for different secondary particles in 
water are close to those in aluminium and that the dose contribution from alpha particles was 
almost the same in both materials. However, showed an increase of ~ 0.5% above unity in 
Fig. 7.32b which was mainly due to secondary alpha particles produced by graphite. The 
results of these two methods agreed with the method that based on the ratio o f the number of 
protons at water equivalent depths (section 7.2.5.1).
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Figure 7.33 Fluence correction factors for aluminium calculated using FLUKA simulation of a 60 
MeV un-modulated proton beam a) with respect to water and b) with respect to graphite
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Figure 7.34 Fluence coiTcction factor for aluminium calculated using FLUKA simulation for a 60 
MeV modulated beam a) with respect to water and b) with respect to graphite
The fluence corrections for both and in Figs 7.33 & 7.34 that are based on the 
dose calculation for 60 MeV un-modulated and modulated beams all decrease with 
penetration depth. They decreased from about 2% in the un-modulated and modulated beams 
to unity. The fluence correction factor based fluence calculation for "^ kji and k^p in un­
modulated beam almost agreed with mono-energetic beam.
The fluence corrections for water, “T/?, in Figs 7.33a & 7.34a that based on dose 
calculation for 60 MeV un-modulated and modulated beams were ~ 2% above unity at 
shallow depths and decreased to unity in a rate o f 0.8/cm in un-modulated but remained at 
~2% at penetration depths up to 2.5 cm in modulated beam. The k^jj decreased from ~2% 
above unity down to -2% below unity at a rate of 1.8/cm for modulated beam and almost the 
same rate for modulated beam. The rate of growing of the fluence correction factor in 
modulated and un-modulated beam was larger than that in mono-energetic calculations in
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which was found to be around 0.2/cm with respect to graphite and with respect to water in 
most calculation methods.
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Figure 7.35 Fluence correction factor for aluminium calculated using FLUKA simulation for 200 MeV 
mono-energetic beam, a) with respect to water and b) with respect to graphite.
In Fig. 7.35a the difference between the two calculation methods for a 200 MeV mono- 
energetic proton beam in aluminium was also found to be negligible and the deviated by 
1% from unity over the entire depth, k^p was found to be decreasing in depth beyond 5 cm 
depth over a few percent at a rate o f ~ 0.2/cm for the three calculation methods as shown in 
Fig. 7.35b. At shallow depths within the first 5 cm the k^p increased at almost the same rate o f 
0.2/cm. The fluence correction factor obtained from the fluence calculation for (p) and for 
(p+a) was ~ 1% above unity at shallow depth up to ~ 10 cm, this indicates that secondary 
proton and alpha particle production was more for graphite than for aluminium. In addition 
there are secondary particles other than alpha particles contributing more to the dose in the 
graphite phantom than in aluminium because the dose based calculation for the fluence 
correction factor was higher by ~ 0.6% to 0.7% compared with the fluence based calculation.
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7.2.6.2.1 Contribution of secondary alpha particles to the dose in 
aluminium
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Figure 7.36 Secondary alpha particles contributions to the total dose excluding deuterons and tritons 
secondary particles as a function of depth for aluminium compared to water and graphite calculated by 
FLUKA a) 60 MeV proton and b) 200 MeV proton
At low energies the contribution of alpha particles to the dose in aluminium become 
almost the same as in water shown in Fig. 7.36a. This gives an explanation of negligible 
difference between fluence correction factors for fluence based calculation obtained from 
protons only and when alpha particles were included in Fig. 7.23a. Similarly, the contribution 
of alpha particle to the dose in graphite was about 0.6% more than aluminium which 
corresponds to the difference between fluence correction factor based on the fluence for 
proton only and for protons including alpha particles in Fig. 7.23b.
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7.2.6.3 kflfor copper
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F igure 7.37 Fluence correction factor for copper calculated using FLUKA simulation for 60 MeV the 
left hand side with respect to water and the right hand side with respect to graphite, a & d) mono- 
energetic beam, b &e) un-modulated beam with respect to water, c &f) modulated beam
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Figure 7.38 Fluence correction factor for copper calculated using FLUKA simulation for a 200 MeV. 
mono-energetic beam a) with respect to water and b) with respect to graphite.
Figures 7.37 and 7.38 show the fluence correction factor and k^p obtained by the 
two different calculation methods in high and low energies. The observation was made that 
the fluence correction factor decreased to about 6%. For a low energy mono-energetic proton 
beam the fluence correction factor k^jj for copper was found to be almost unity for fluence 
based calculations. The difference in fluence based calculations for (p) and (p+a) between 
copper and water in Fig. 7.37d was found to be negligible however, between copper and 
gi'aphite in Fig. 7.37d was found to ~ 0.7%.
The fluence corrections for both '^kp and in Figs 7.37c, d, e and f  that based on dose 
calculation for 60 MeV un-modulated and modulated beams were all decreasing with 
penetration depth at a rate of about 2/cm.
In Fig. 7.38a the difference between the two calculation method for a 200 MeV mono- 
energetic proton beam in copper was also found to be negligible and the decreased by ~ 
2% over the entire depth using the two calculation methods. The k^ji in Fig. 7.38b was found 
to be have the same pattern with aluminium. In dose based calculation the k^ji increased up to 
7 cm depth at a rate of 0.4%/cm. Beyond 7 cm, the correction factor decreased at a rate of 
0.5%/cm. The different in fluence based calculation at 200 MeV in Fig. 7.38b between (i) 
protons and (ii) protons including alpha particles were found to be about 0.5%. While for 
lower energy at 60 MeV in Fig. 7.37d this difference slightly increased to ~ 0.9%. this can be 
explained by the following section (7.3.6.3.1.)
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7.2.6.3.1 Contribution of secondary alpha particles to the dose on 
copper
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Figure 7.39 Secondary alpha particles contributions to the total dose excluding denterons and tritons 
secondary particles as a function o f depth for copper compared to water and graphite calculated by 
FLUKA a) 60 MeV proton and b) 200 MeV proton
For both high and low energies, figures 7.39a & b show that the contribution of secondary 
alpha particles to the dose in copper was almost similar to water exhibiting a difference of 
about 0.1%. On the other hand, the contribution of alpha particle in graphite was 0.7% more 
than in copper at low and slightly decreased at high energies.
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Figure 7.40 Fluence correction factor for PMMA calculated using FLUKA simulation for 60 MeV 
mono-energetie beam, a) with respect to water and b) with respect to graphite.
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(a) PMMA - 200 MeV m ono-energetic
■Fluence ca lcu la tion  (P)
■ F luence ca lculation (P-w) 
■Fluence ca lculation (P)
^b) PMMA - 200 MeV m ono-energetic
• Fluence ca lcu la tion  (P )
- Fluence calcu latio  n (P-Kj)
■ - D ose  ca lcu lation
1.00 ^
0.99 -
25
Figure 7.41 Fluence correction factor for P M M A  calculated using FL U K A  sim ulation for 200 M eV . 
m ono-energetic beam  a) w ith respect to  water and b) w ith respect to  graphite.
Modulated and un-modulated beam simulations were not performed for PMMA. The 
observation that was made, in Fig 7.40 that the for a mono-energetic proton beam was 
unity for 60 MeV and deviated about 0.5% from unity for 200 MeV. The was also found 
to be unity for 60 MeV and decreased to about 2% below unity for 200 MeV protons. This 
result agrees with findings in the literature (Palmans H., Symons et al. 2002) and (Schneider, 
Pemler et al. 2002) for PMMA see section 4.5.2. The difference between dose based 
calculation and fluence based calculation for the fluence correction (p+a) with respect to 
water was found to be very small in both high and low energies. With respect to graphite this 
different became was also small in low energy beam however, increased to be ~ 0.5% at high 
energy. This indicates that at high energy the contribution of other secondary particles to the 
total dose is more in graphite than in PMMA. In addition, the difference in fluence based 
calculation for protons and when alpha particles were included was almost the same for high 
and low energies for '^kp and % .
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7.2.6.4.1 Contribution of secondary alpha particle to the dose on 
PMMA
The contribution of alpha particles to 
the dose in %
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F ig u re  7 .4 2  Secondary alpha particles contributions to  the total dose exclud ing deuterons and tritons 
secondary particles as a function o f  depth for P M M A  com pared to  water and graphite calculated by  
F L U K A  a) 60  M eV  proton and b) 20 0  M eV  proton
Since PMMA contains about 60% (ICRU-49 1989) of carbon, the contribution of 
secondary alpha particles to the total dose in PMMA was almost half of those in graphite and 
double of those in water, so basically it lay between water and graphite. Fig. 7.42a & b show 
that the contribution of secondary alpha particles to the total dose was about 0.6% at low 
energy and ~ 1 % at high energy. However the ratio of graphite-to-PMMA was found to be ~ 
0.4% for both high and low energies and the ratio of water-to-PMMA was found to be 0.3% 
for both energies as well. These ratios were almost as the same as the difference in fluence 
correction factor using fluence based calculation for proton and for protons including alpha 
particles.
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7.2 6.5 kfl for A-150 tissue equivalent plastic
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Figure 7.43 Fluence correction factor for A-150 calculated using FLUKA simulation for 60 MeV the 
left hand side with respect to water and the right hand side with respect to graphite, a & d) mono- 
energetic beam, b &e) un-modulated beam with respect to water, c &f) modulated beam
The fluence correction factor with respect to water, ""'kji, and with respect to graphite 
for A-150 in a mono-energetic proton beam using the two calculation methods mentioned 
above are shown in fig 7.43a & d. Both ’^kfj and k^p were almost unity for the entire depth. A 
small difference in fluence based calculation between protons fluence and when alpha
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particles were included in the calculation was observed due to the presence of carbon in A- 
150. (A-150 comprises of -  77% of carbon). These result agreed with the dose-ratio based 
calculation in equation 7.6.
In spite of the fluctuations in the un-modulated and un-modulated beams a value of 
unity can be assigned to A-150 in Figs. 7.43b & f, while for %  it was found to be 1% below 
unity in Figs. 7.43e & c.
(a) A-150 - 200 MeV m ono-energetic
-Fluence calculation (P) 
-Fluencecalculation (P-kj)
a — D ose calculation
1.00
(b) A-150 - 200 WleV m ono-energetic
Fluence calculatio n (P) 
Fluence calculatio n (P-to) 
D ose calculation
^  1.00
25
Figure 7.44 Fluence correction factor for A-150 calculated using FLUKA simulation for 200 MeV. 
mono-energetic beam a) with respect to water and b) with respect to graphite.
At high energy (200 MeV protons) the '"'kp in Fig. 7.44a was also almost unity and the 
dose based calculation was found to be consistent with the fluence based calculations with an 
small increase from 0.5% below unity at the surface to the unity at a rate of 0.2% per cm. 
based on the dose ratio calculation as shown on Fig. 7.44b was ~ 1% above unity from the 
surface until 10 cm depth and decreased to 2% below unity at 20 cm depth in a rate of 0.3% 
per cm. Another observation made was that the dose ratio calculation was higher than fluence 
based calculation for proton and alpha particles by about 0.5%. This represents other types of 
secondary particles that contribute to the dose in graphite at high energy besides alpha 
particles. The increase oî^kp above unity from the surface until 15 cm depth for the dose ratio 
calculation method and fluence based calculation methods indicates that the production of 
secondary particles due to the non-elastic nuclear interaction at high energy was larger in 
graphite than in A-150. From these results it was concluded that A-150 is good for use in 
calorimetry dose measurement in term of the non-elastic nuclear interactions in low energy 
proton beams.
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7.2.6.5.1 Contribution of secondary alpha particles to the dose on A- 
150
(a) The contribution of alpha particles to 
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Figure 7.45 Secondary alpha particles contributions to the total dose excluding deuterons and tritons 
secondary particles as a function of depth for A-150 compared to water and graphite calculated by 
FLUKA a) 60 MeV proton and b) 200 MeV proton
A-150 contains about 77% by mass of carbon. Fig. 7.46a & b show that the 
contribution of secondary alpha particles to the total dose was about 0.7% at low energy and 
1% at high energy. The ratio of contributions of alpha particle to the dose for water-to-A-150 
and graphite-to-A-150 was found to be ~ 0.3% for both 60 MeV and 200 MeV. This could 
explain the difference in fluence based calculation for proton only and for proton including 
alpha particles.
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7.2.6.6 kfl for plastic-water phantoms
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Figure 7.46 Fluence correction factors for plastic-water phantoms as a function o f water equivalent 
depth, with respect to water on the left side with respect to graphite on the right side. Obtained FLUKA 
calculation for fluence spectra using a 60 MeV mono-energetic proton beam.
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From the results for 60 MeV protons plotted in Fig. 7.46a, b & c, the observation was 
made that the ^kji considering only the proton fluence was almost unity for the entire depth for 
all plastic-water phantoms, which indicates that the influence of primary and secondary 
protons on the value oï^kji is very small. When the fluence of alpha particles was included in 
the calculation, at the surface lowered by about 0.2% but was, however, increasing up to 
unity at larger penetration depths at a rate of 0.8% per cm. The latter, agreed with the 
calculation based on the dose ratio. This deviation of the "^ kp value below unity can be 
explained by the presence of carbon in plastic-water materials, as presented in table 6.4, 
knowing that the alpha production cross-section is higher for carbon than for water especially 
at energies less than 60 MeV as shown in Fig. 7.46. Despite this difference, the ^kji was 
almost unity for the three plastic-water phantoms over the entire depth in a 60 MeV mono- 
energetic proton beam.
Figs. 7.46d, e, & f  show the fluence correction factor with respect to graphite, ^kji, for 
60 MeV protons. Similarly, it was observed that both calculation methods (the one which 
based on the dose ratio and the one based on the fluences of both proton and alpha particles) 
were matching. The differences from ^kji are that: (i) ^kji had a value of about 0.5% above 
unity at the surface and (ii) the ^kji decreased with penetration depth by about 0.5% (to unity) 
for all plastic-water materials in both methods. Despite these differences, ^kp could be 
considered to be unity within the calculation uncertainties as well.
For 200 MeV protons the "^ kp increased from about 0.5% below unity at the surface to 
about 1.5% above unity at 23 cm depth for all plastic water materials in both methods as 
shown in Figs. 7.47a, b & c. However, ^kp exhibits a different pattern. Figs. 7.48d, e & f  show 
that ^kp increased with depth at a rate of 0.1% per cm up to 10 cm, and at larger depths it 
decreased with a higher rate of about 0.35% per cm until 23 cm for the three plastic-water 
phantom. The analytical study for 200 MeV primary protons without secondary particle 
production (in chapter 5) showed that ^kp was decreasing with penetration depth in different 
target materials. Thus, for high proton energies the increase in ^kp at shallow depths of less 
than 10 cm indicates that the secondary proton production is higher in graphite than in plastic- 
water. Another observation was that the calculation method based on the fluence of proton 
and alpha particles gave a 0.5% lower results than the dose based calculation which includes 
all charged particles. This indicated that at high energies there are other charged particles 
contributing to the dose in graphite
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Figure 7.47 Fluence correction factors for plastic-water phantoms as a function of water equivalent 
depth, with respect to water on the left side and with respect to graphite on the right side. Obtained 
FLUKA calculation for fluence spectra using 200 MeV mono-energetic proton beam.
7.2.6.6.2 Un-modulated beam
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Figure 7.48 Fluence correetion factors for plastic-water phantoms as a funetion of water equivalent 
depth, with respect to water on the left side and with respect to graphite on the right side. Obtained 
FLUKA calculation for fluence spectra using 60 MeV un-modulated proton beam
For the 60 MeV un-modulated beam simulation shown in Fig. 7.48, the difference in 
the fluence correction factor between fluence base calculation for protons and fluence based 
calculation for protons including alpha particles was similar as in the 60 MeV mono-energetic 
beam simulation. This difference in fluence based method between protons and when alpha 
particles were included was found to be about 0.5% for both "'^/7 and However, the fluence 
correction obtained by this method increased by 1% for all plastic-water materials compared
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to unity in the mono-energetic beam. This could be due to the statistical fluctuation mentioned 
previously. For the dose based calculation, regardless of the fluctuation in the results, a unity 
'''kfl can be assigned to plastic-water materials used in this study within the uncertainty. The 
k^fi was found to be decreasing with penetration depths to ~ 2% up to 2 cm.
7.2.6.6.3 Modulated beam
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Figure 7.49 Fluence correction factors for plastic-water phantoms as a function of water equivalent 
depth, with respect to water on the left side and with respect to graphite on the right side. Obtained 
FLUKA calculation for fluence spectra using 60 MeV modulated proton beam
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The ’^kji plastic-water materials in the modulated beam was found to be increasing with 
penetration depth from 1% at the surface below unity to the unity with penetration depth, 
however the fluence correction factor can be considered to unity within the statistical 
uncertainty. The k^ji in in Figs. 7.49d, e and f  was found to be ~ 1% below unity for the entire 
range for all plastic-water materials.
7.2.6.6.4 Contribution of secondary alpha particles to the dose on 
plastic-water phantom materials
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Figure 7.50 Secondary alpha particles contributions to the total dose excluding deuterons and tritons 
secondary particles as a function o f depth for plastic-water compared to water and graphite calculated 
by FLUKA a) 60 MeV protons and b) 200 MeV protons.
The observation in Fig.50a & b was found to be almost similar to A-150 tissue-equivalent and 
PMMA Figs. 7.42 & 7.45. It shows that the contribution of secondary alpha particles to the 
total dose was about 1% at high energies and decreased with depth to 0.7% at low energies. 
However, and compared to water, the contribution of alpha particles to the dose was found to 
be 0.3% higher in plastic-water for both high and low energies due to the presence of carbon 
atoms in plastic-water phantoms. Compared to graphite, the observation was made that, the 
contribution of alpha particles to the dose was -0.4% higher in gi'aphite than in plastic-water 
in both high and low energies. This can give an explanation for the difference in fluence 
correction factor that based on fluence calculation for protons and fluence calculation for 
protons including secondary alpha particles.
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Chapter 8
8 Fluence correction factor by Experiment
8.1 Mathematical Formalism
In the Monte Carlo simulations the dose was scored in the phantom while in the 
experiments the dose is derived from a measurement of the ionization in the ion chamber’s air 
cavity positioned in the phantom. The equation relating dose to water to the ionization 
chamber reading, AC, in the water phantom is:
and the equation relating dose to an arbitrary phantom material ph to the ionization chamber 
reading, Mph, in the phantom is:
D ,, id , ,  ) =  id , ,  i O „ ) - p „  8.2
In these expressions 6'^,^ ( 0 ^ )  and (0p/,) are the water to air and phantom-material to
air Spencer-Attix mass stopping power ratios, respectively, JVa/r is the mean energy required 
to produce an ion pair in dry air, mair is the mass of air in the cavity of the chamber and pw & 
Pph are the perturbation correction factors for ionization chamber in water phantom and in the 
phantom material ph, respectively.
The ratio of ionization chamber readings at equivalent depths, which is defined as the fluence 
scaling factor, hph, in the IAEA TRS-398 code of practice (IAEA-TRS-398 2000) in Eq. 8.3 
is equal to the fluence correction factor, kp, that arises from the difference in non-elastic 
nuclear interaction cross sections in the phantom material as compared to water at water 
equivalent depths under certain conditions that will be discussed below.
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j ^w^^w-eq) Q ^
"■— l i T
By substituting Eq. 8.1 and Eq. 8.2 in Eq. 8.3
^ _  ^ w i.^ w -e q )      g ^
^ p h ,a iA ^ p h )  Pph
If we multiply and divide the denominator on the right hand side with 
Spi,mJ^ 0pi) and rearrange:
^p h ,a iÀ ^  ph)
.  _  M p d ^ ^ )  D M w - e , )  P ph  g g
According to the above definition of the fluence correction factor, kp, the fiuence scaling 
factor, hph, is related to kp  by the products of the last three factors on the right hand side and 
the equation would thus lead to:
Jq — ^ k  ^ p h )  ^ w ,a i r ( - ^ p h )  P p h
C r ( 0 J  ' J  ' P .
s  . fO )WMir \  w y
The ratio of the ionization chamber readings at water equivalent depths is equal to the fluence 
correction factor if the last three factors are approximately unity.
(i) The ratio of perturbation correction factors for the ion chamber in both phantoms is 
assumed to be approximately unity since our measurement is based on charge reading 
ratios from two phantoms using the same NACP 02 chamber of 0.6 mm of graphite 
wall see section 4.3.3.3.
(ii) The ratio of water-to-air stopping power for two fluence spectra, water and phantom 
material, is assumed to be unity for the materials that were used in this study. In this
150
Fluence correction  factor for various m aterails in clin ical poroton  dosim etry________________________________
C hapter 8  -  Fluence correction fa c to r  by experim ent
Study the stopping power ratio for two different phantoms (not water-to-air but water- 
to-graphite) was investigated by Monte Carlo simulation for fluence spectra in both 
phantoms and taking the ratio of equations 7.5 and 7.4. It was found that the ratio of 
stopping power in these two phantoms deviated by only 0.001% from unity for the 
calculation based on the fluence of proton (primary and secondary) and 0.014% when 
secondary alpha particles were included in the calculation. It is assumed that these 
values will not deviate much in the case of air-to-water for two different spectra and 
in the case of including other secondary particles in the calculation. Based on this, it 
is assumed that the factor is unity for fluence correction factor measurement.
(iii) The water-to-air restricted Spencer-Attix stopping power ratio is 0.4%- 0.6% higher 
than the un-restricted Bragg-Gray stopping power ratio in the water phantom (same 
spectrum) for most of the clinical energy range (in the denominator) (Medin and 
Andreo 1997). This is due to an imbalance between the number of electrons 
generated in the cavity which escape and electrons generated in the phantom getting 
to chamber cavity. It is assumed that it is not going to be very different for different 
phantom materials, so the same ratio but for another phantom material and another 
spectrum (in the nominator) is not very different. Therefore, it is assumed that this 
ratio of the Spencer-Attix and the Bragg-Gray stopping powers for two different 
phantom materials is close to unity.
8.2 Methodology
8,2.1 General experimental setup
Six sets of measurements were performed at the 60 MeV clinical proton cyclotron at 
the Clatterbrige Centre of Oncology CCO (Cosgrove, Aro et al. 1992; Bonnett, Kacperek et 
al. 1993): three sets to measure the fluence correction factor for graphite with respect to 
water, ^kp, one set to measure the fluence correction for PWDT with respect to water, '^ kp, and 
two sets to determine the fluence correction with respect to graphite, k^p, for different 
materials (see table 8.1). The beam was collimated to a naiTow field using a 4 mm diameter 
circular brass collimator for all sets except for the first one (description below). All these 
experiments were performed using the un-modulated beam and the fully modulated beam. 
The latter was realized by using a spinning PMMA full modulator wheel (796/02) (details in 
section 7.1.1.3) to spread out the Bragg peak, i.e. with the plateau of the SOBP extending 
from the surface until the deepest Bragg peak.
A plane-parallel Roos ionization chamber was placed just after the collimator. This 
chamber served as a monitor chamber i.e. the ionization charge reading of NACP 02 or
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Markus chamber was normalized by the Roos chamber reading for each measurement that
corresponds with each depth. This provides an accurate measurement for each depth, and
repeating this measurement for many plates yield the depth dose distribution (at constant
source to detector distance) and Bragg-peak in terms of ionization. The thickness of the Roos
chamber was experimentally measured in a prior study by comparing the distal edge of depth
dose curves in water with and without having the Roos in the beam and it was found to be
0.29 cm water equivalent. The Monte Carlo calculated result discussed in chapter 7 agreed
with this value.
Table 8.1 Sets of measurement at CCO beam
Sets of 
measurement
Beam feature Materials Chamber
for graphite
60 MeV un-modulated 
broad beam 25 mm
Water (vary SDD) 
& Markus
Fig. 8.1 60 MeV modulated 
broad beam 25 mm
graphite (fixed SDD)
'^kp for graphite
60 MeV un-modulated 
narrow beam 4 mm
Water (vary SDD) 
& NACP 02
Fig. 8.2 60 MeV modulated 
narrow beam 4 mm
graphite (fixed SDD)
60 MeV un-modulated
^kp for graphite narrow beam 4 mm Water & graphite
NACP 02
Fig. 8.3 60 MeV modulated 
narrow beam 4 mm
(fixed SDD)
'^kp for PWDT plastic- 
water
60 MeV un-modulated 
narrow beam 4 mm Water & PWDT
NACP 02
Fig. 8.3
60 MeV modulated 
narrow beam 4 mm
(fixed SDD)
60 MeV un-modulated Graphite & aluminium
^kp for different solid narrow beam 4 mm (fixed SDD)
materials 
Fig. 8.3 (down)
60 MeV modulated 
narrow beam 4 mm
Graphite, aluminium &
copper
(fixed SDD)
NACP 02
^kp for plastic-water 
and A-150
60 MeV un-modulated 
narrow beam 4 mm
graphite, PW, PWDT, 
WTl & A-150
NACP 02
Fig. 8.3 (down)
60 MeV modulated 
narrow beam 4 mm
(fixed SDD)
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8.2.1.1 Experimental setup for graphite with respect to water in 
broad beam
iR o o s
M onitor
c h a m b e r
P roton
b e a m
R o o s
M onitor
c h a m b e r
P roton
b e a m
isocenter
6.5 cm 
Fixed CSD
Plates of gmphite  ^ ^
arkus
Ion chamber movement in 
water phantom, SDD varies
M arkus
6.5 cm ^
Fixed CDD
Figure 8.1 Schematic diagram of the experimental set up for depth dose distribution in water (up) and 
graphite (down) using a 25 mm broad circular beam. In the case of graphite SDD is fixed while in the
case o f water SDD varies.
The beam was collimated to a 25 mm diameter circle. The entrance window of the 
water phantom consisted of a thin MICA foil (0.1 mm or 0.24 mm water equivalent) which 
was placed at a fixed distance from the beam source; the collimator to surface distance (CSD) 
was fixed to be 6.5 cm. Thus, the Markus chamber was moved forward and backward in order 
to change the amount of water upstream from the chamber so the distance the between source 
and the detector (SDD) was varied, see Fig. 8.1 upper figure.
For depth dose distribution measurement in graphite, the Markus chamber was placed 
6.5 cm away from the collimator. Plates of different thicknesses of graphite were positioned 
at the beam isocenter up-stream of the Markus chamber, as shown in the lower part of Fig. 
8.1.
The depth ionization distribution for graphite was directly obtained from the Markus 
chamber reading (expressed per monitor unit, with the Roos being the monitor) since the
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distance SDD was fixed and plates of graphite positioned upstream of the chamber. However, 
in the case of water measurements, the distance between the effective point of measurement 
and the source was not fixed i.e. source detector distance, SDD, was varied for each depth. A 
correction for the inverse square dependence of the fluence was required for each depth in 
order to compare it with those in graphite. The inverse square law correction was applied 
using the following equation for each depth in water.
M  = M .
{ m + d j
corrected  w  '  / i  o /~ k \2(180)'
where 180 is the distance between the isocenter and the scatter foil in cm, is the depth in 
water in cm and is the ionization reading of Markus chamber.
Another correction was applied to the measurement in water again due to varying of 
SDD. If the distance between of the effective point of the chamber and the collimator varies, 
the contribution of protons that are scattered from the collimator or secondary protons that 
were produced by the collimator to the dose will be different at different distances. This 
correction was obtained from the ratio of the measurement at the isocenter and the 
measurements for the same depth in water at several SSD in steps of 5 mm a way from the 
collimator. This ratio would be unity if the beam was entirely intercepted by the chamber. 
However, due the contribution of the scattered protons to the secondaries with lower energy 
(they have shorter range where they lose all their energy), this ratio will not be unity. Thus 
this ratio was used to correct the measurement in water at each corresponding depth.
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8.2.1.2 Experimental setup for graphite with respect to water in 
narrow beam
(R o o s
M onitor
c h a m b e r
P roton
b e a m
6.5cm 
Fixed CSD
Ion chamber movement in 
water phantom, SDD varies
Plates of graphiteiR o o s
M onitor
c h a m b e r
P roton
b e a m N A C P 0 2
6.5cm
Fixed CDD
Figure 8.2 Schematic diagram of the experimental set up for depth dose distribution in water (up) and 
graphite (down) using 4 mm narrow beam. In the case o f graphite SDD is fixed while in the case of
water SDD varies.
The experimental setup was similar to graphite measurements and water measurements 
in section 8.2.1.1. However the beam was collimated to be as narrow as 4 mm diameter and 
an NACP 02 ion chamber was used instead of Markus since its collecting volume is 10 mm in 
diameter. Therefore, it is assumed that the beam is latterly covered by the collecting sensitive 
volume of the ion chamber, see Fig. 8.2. Another advantage for the use of NACP 02 chamber 
is that the cavity wall for NACP 02 is 0.6 mm of graphite which is larger than 30 pm of 
polyethylene for Markus. So for the water measurements there would be a fraction of 
electrons coming from the PMMA water protection cap, with for the graphite measurements a 
similar fraction would come from graphite. Therefore, it is assumed that the wall perturbation 
will be the same for NACP 02 in water phantom and in graphite.
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8.2.1.3 Experimental setup for graphite with respect to water in 
narrow beam and fixed SDD distance
Proton
beam
Proton
beam
Monitor
chamber
Monitor
chamber
Roos
_N ,\C P 02
Water
10 cm 
Fixed CDD
Plates of a graphite or 
PWDT ^ ^
10 cm 
Fixed CDD
Ion chamber is fixed. Water 
phantom moves. SDD is fixed
NACP02
Figure 8.3 Schematic diagram of the experimental set up for depth dose distribution in water (up) and 
graphite, aluminium, copper, A-150 and plastic water (down) using 4 mm narrow beam. SDD is fixed
for water and for other solid materials.
Roos
chamber
Graphite
NACP 02 chamber 
(behind the plate)
Figure 8.4 Experimental set up for solid materials. The NACP 02 chamber fixed SDD distance
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NACP 02 chamber 
in water phantom
Figure 8.5 Experimental set up for water. The NACP 02 chamber fixed SDD distance
A plane-parallel NACP 02 ionization chamber was placed at the beam isocentre which 
was about 7 cm away from the collimator; the collimator to detector distance (CDD) was 
fixed to be 7 cm. The collecting electrode diameter for NACP 02 is 10 mm, thus the entire 
proton narrow beam was laterally covered by the collecting electrode of the chamber 
(characteristics of NACP 02 and Roos chambers in Appendix D). Plates of different 
thicknesses of graphite were positioned at the beam isocentre up-stream of the NACP 02 
chamber as shown in Fig. 8.3 down.
For depth dose distribution measurement in water phantom, the NACP 02 chamber was 
placed at 10 cm away from the collimator. The water phantom with a thin MICA widow (0.1 
mm or 0.24 mm water equivalent) was based on a plate which was adjusted to be moved 
forward and backward in 0.1 mm steps while the NACP 02 chamber remained in the same 
position as shown in Fig. 8.3 up. In this way the thickness of water upstream the chamber was 
accurately controlled.
The ratio of ionization reading or Bragg curve in water phantom and in graphite 
phantom gives the fluence correction factor for graphite as described in Eq. 8.6.
8.2.1.4 Experimental setup for PWDT with respect to water
Exactly the same experimental set up was used for graphite with respect to water with a 
narrow beam and fixed SDD distance, see Fig. 8.3 for water measurements and PWDT 
measurements.
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8.2.1.5 Experimental setup for aluminium and copper with 
respect to graphite
The experimental setup was similar to graphite measurements in section 8.2.3, see Fig. 8.6. 
the only difference is that CDD was fixed to be 7 cm.
JRoos
Monitor
chamber
Proton
beam
Plates o f  a material
7 cm
Fixed CDD
NACP02
Figure 8,6 Schematic diagram of the experimental set up for depth dose distribution in water (up) and 
graphite, aluminium, copper, A-150 and plastic water (down) using 4 mm narrow beam. SDD is fixed
for water and for other solid materials.
8.2.1.6 Experimental setup for plastic-water and A-150 with 
respect to graphite
The experimental setup was similar to graphite measurements in section 8.2.1.5, see
Fig. 8.6.
8.2,2 Measurements of plate thickness
Plates of different thicknesses for graphite, copper, aluminium, A-150, PW, PWDT and WTl 
were used and the mass thickness of each one was accurately measured. The mass thickness 
in g/cm^ was derived from the area and the mass of each plate of the materials which were 
measured using a high precision balance and high accurate length measurement system with a 
resolution of 0.0001 mm (see calibration certificate in Appendix F). The uncertainty of an 
individual plate mass thickness is illustrated in table 8.2. The accumulated uncertainty when 
building up a large depth would consequently decrease.
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Table 8.2 plastic-water plate thicknesses, A-150, copper, aluminium and graphite
graphite WTl PW PWDT A-150 aluminium copper
Range of 0.07 0.05 0.09 0.9 0.06 0.01 0.05
plates in mass 0.1 0.09 0.1 0.1 0.1 0.02 0.09
thickness 0.15 0.1 0.11 0.11 0.2 0.06 0.4
(g/cm^) 0.2 0.2 0.2 0.2 0.12 0.1 0.9
0.4 0.9 0.9 0.9 0.4 0.5 1.7
1.0 1.0 1.0 0.9
1.1 1.1 1.7
Uncertainty From From From From From From From
of individual 0.3% 0.02% 0.01% 0.05% 0.02% 0.1% 0.04%
mass to to to to to to to
thickness 0.4% 0.07% 0.05% 0.015% 0.1% 0.4% 0.2%
8.2.3 Evaluation o f water equivalent depth
In the experiments where depth dose distributions for water were obtained, water 
equivalent depths were calculated from the range scaling factor, rph^ so, which is the ratio 
of range in water and range in phantom material at the distal edge where the dose dropped to 
80%. Water equivalent depths were then obtained from Eq. 4.17. For the first experiment the 
range scaling factor, ryv,s(/rph,so and the range scaling factor from ICRU-49 were calculated in 
order to investigate the effect of range scaling factor on the fluence correction factor for un­
modulated beam.
However, in the experiments, for the fluence correction factor with respect to graphite 
at water equivalent depths for A-150, plastic-water, aluminium and copper, depth dose 
distributions for water were not recorded. Thus, for range scaling factor, the range in water 
was calculated from previous experiments (2.73 g/cm^ for un-modulated beam and 2.715 
g/cm^ for modulated beam).
8.2.4 Evaluation fluence correction factor
Accepting to the assumptions, the fluence correction factor with respect to water can be 
obtained from the ratio of ion chamber readings in the phantom material and water at water 
equivalent depth
M
8.6
p/7
In similar way the fluence correction factor with respect to graphite at water equivalent depth 
can be written as
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8.7
8.3 Results and discussion
8.3.1 Fluence correction factor with respect to water
8.3.1.1 For graphite using broad beam
O -  To @ 5 0 %  d is ta l 
To @ 8 0 %  d ista l 
■■is." To f rom  ICRU 49
1.00 -
(g/cm ) (g/cm )
Figure 8.7 Fluence correction factor for graphite obtained in the 60 MeV proton broad beam after 
applying corrections a) Un-modulated beam and b) modulated beam
The fluence correction factor for graphite is shown in Fig. 8.7 was obtained from the 
ratio of ionization reading for water and graphite in the broad beam after applying the 
corrections for water depth dose measurement and distance dependence of the scatter 
contribution. It was observed in Fig. 8.6a for the un-modulated beam that the correction was 
close to unity up to 2 g/cm'^ depth. Beyond this depth, at the Bragg peak region, it was very 
sensitive to the range scaling factor used for water equivalent depth calculation. In the 
modulated beam in Fig.8.6b the correction increased in depth to about 1% up to the same 
depth. It was also observed that at depths beyond 2 g/cm^ the fluence correction factor was 
very sensitive to the scaling model used.
8.3.1.2 For graphite using narrow beam
In this experiment, measurements in water do not require inverse square law corrections 
however, a correction for dependence of the scattered proton contributions on the distance 
from collimator was required (see above section 8.2.1.1)
The plots in Fig. 8.8 show the fluence correction factor for graphite in un-modulated 
beam Fig. 8.8a and modulated beam in Fig 8.8b before applying the mentioned correction. It
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was observed that at a depth of 1.5 g/cm'“ the fluence correction was slightly below unity for 
shallow depths and increasing for larger depths. Fig. 8.9 shows the same fluence correction 
factors but after applying the correction. It was observed that the fluence correction increased 
to ~ 0.5% up to 2.5 g/cm^ water equivalent depth.
1.02
1.01 -
.5  1.00 -
0.99 --
2.0 2.5
H--
0.5 3.01.0 1.50.0
1.02
1.01 -
J  1.00 -
0.99 --
0.0 1.5 2.5 3.00.5 1.0 2.0
(g/cm ) (g/cm )
Figure 8.8 Fluence correction factor for graphite obtained by 60 MeV narrow without applying 
correction applying correction a) un-modulated beam and b) modulated beam.
1.02 1.02
1.01 -
= 1.00 - S  1.00 -
0.99 -
3.00.0 0.0 1.5 2.5 3.00.5 1.0 2.0
dn-eq (g/cm^) (g/cm )^
Figure 8.9 Fluence correction factor for graphite obtained by 60 MeV narrow proton beam after 
applying correction a) un-modulated beam and b) modulated beam.
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8.3.1.3 For graphite using narrow beam with fixed SDD
60 MeV un-modulated beam(a)
■5
• w  ater 
■graphite
,4-
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Depth (g/cm^)
60 MeV un-modulated beam
— « - - • w ater 
- - -D - - • graphite
(b)
6 1 
5 - 
4 - 
3 
2 
1 
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a
2.5 2.7 2.9
(g/cm 2)
Figure 8.10 Depth ionization curves for water and graphite obtained by experiment at 60 MeV un­
modulated proton beam at CCO cyclotron, a) as a function of depth and b) as a function o f water
equivalent depth for the last few mm.
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Figure 8.11 Full modulated depth ionization curves for water and graphite obtained by experiment at 
60 MeV CCO cyclotron, a) as a function o f depth and b) as a function of water equivalent depth for the
last few mm.
The ionization as a function of depth for water and graphite in 60 MeV CCO modulated 
and un-modulated beams are shown in Fig. 8.10a & 8.11a respectively. Depth ionization 
curves were obtained for graphite and water. The uncertainty on the ionization reading and 
the mass thickness are discussed later.
A reduction in the range of the experimental ionization curve was found compared to 
FLUKA simulation in mono-energetic beam - without the presence of Roos chamber. As 
mentioned before this reduction is equivalent to water equivalent thickness of the Roos 
chamber (-0.25 PMMA) which was found to be 0.29 cm water equivalent. Range in water 
corrected to Mica window thickness (0.1 mm Mica window for water phantom) which was
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also found to be -0.025 cm water equivalent. The ranges of water and graphite are illustrated 
in table 8.3. In comparison between the modulated and un-modulated beam, it was observed 
that the amplitude of the ionization measurement were lower for the modulated beam than for 
the un-modulated beam. This was mainly due to the modulator wheel which modulates both 
energy and the intensity (details in section 7.1.1.3). Bragg curve at water equivalent depths 
for graphite in un-modulated and modulated beams are shown in Fig. 8.10b & 8.11b 
respectively and depth scaling factor is illustrated in table 8.3.
Table 8.3 Ranges for water and graphite obtained by experiment
Material Density(g.cm'^)
Ranges rso 
60 M eV proton 
(g/cm^)
Range scaling factor rgo-Jrso-pk
U nm odulated
beam
Modulated
beam
Un-modulated
beam
Modulated
beam
Water 1 2.730+0.003 2.706±0.003 1 1
Graphite 1.7 3.068+0.009 3.052+0.009 0 .8898 0 .8856
(a) graphite - 60 MeV un-m odulated 
beam  - experim ent
1.02
1.01
0.99 - 
0.98
£
P
0.0 0.5 1.0 1.5 2.0 2.5 3.0
(g/cm 2)
(b) graphite - 60 MeV m odulated beam  
experim ent
1.02
1.01
^  1.00
0.99
0.98
0.0 0.5 1.0 1.5 2.0 2.5 3.0
('g/cm 2)
Figure 8.12 Fluence correction factor for graphite obtained by experiment a) 60 MeV un-modulated 
proton beam and b) 60 MeV modulated proton beam
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graphite - 60 MeV modulated beam 
range saling factor from un-modulated 
beam
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Figure 8.13 Fluence correction factor for graphite obtained by 60 MeV modulated proton beam. The 
range scaling factor from the un-modulated beam was used in this calculation
The fluence correction factor for graphite in narrow beam and constant SDD was found 
to be almost unity, with corrections of less than 0.5% over the entire range for 60 MeV 
modulated and un-modulated. These results agreed with the results previously obtained in 
broad and narrow beams with constant SSD in both modulated and un-modulated beams. 
Another observation was made that the fluence correction factor was not very sensitive to the 
range scaling factor for modulated beam i.e. the fluence correction factor for the un­
modulated beam in Fig. 8.12a was used to calculate water equivalent depth for depth 
ionization curve of the modulated beam and the fluence correction in modulated beam in Fig. 
8.13 was found to be similar to the fluence correction factor in Fig. 8.12b.
These results found a good agreement with Monte Carlo results based on number of 
protons (primary and secondary) for 60 MeV mono-energetic, modulated and un-modulated 
beams in section 7.2.5. For the fluence spectra based calculations and dose ratio based 
calculation (section 7.2.6.1) the fluence correction was slightly higher and increased to about 
1% however, it was considered to be unity within the statistical uncertainties in the Monte 
Carlo calculations for both the un-modulated beam and modulated beam which were 1 % and 
0.7% respectively. The experimental uncertainty was much better than 1%. For the narrow 
beam and fixed SDD it was around 0.1% and 0.2% for narrow beam and varied SDD; it was ~ 
0.25% for broad beam at all depths before Bragg-peak region.
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8.3.1.4 For PWDT using narrow beam with fixed SDD
(a) 60 MeV un-modulated beam
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Figure 8.14 Proton depth ionization curves for water and PWDT obtained by experiment at 60 MeV  
CCO cyclotron, a) as a function of depth and b) as a function of water equivalent depth
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Figure 8.15 Full modulated depth ionization curves for water PWDT obtained by experiment at 60 
MeV CCO cyclotron, a) as a function of depth and b) as a function o f water equivalent depth
Depth ionization curves for PWDT in 60 MeV CCO modulated and un-modulated 
proton beams as a function of depth and as at water equivalent depth are illustrated in the 
Figs. 8.14a & 8.15a. The ranges of water and PWDT are illustrated in table 8.4.
The range scaling factor for PWDT in the un-modulated beam (table. 8.4) was used to 
obtain water equivalent depth for the PWDT in modulated beam in (Fig. 8.15b) since the 
distal edges for water and PWDT were not measured for this experiment due to time 
limitations. It was assumed that the fluence correction factor for modulated beam was not 
very sensitive to the range scaling factor.
165
Fluence correction factor for various materails in clinical poroton dosimetry
Chapter 8 -  Fluence correction factor by experiment
Table 8.4 Ranges for water and PWDT plastic-water obtained by experiment
Material Density(g.cm"^)
Ranges rgo 
60 M eV proton 
(g/cm^)
Range scaling factor rgo-Jrso-ph
Unm odulated
beam
Modulated
beam
Un-modulated Modulated
beam beam
Water 1 2.715+0.003 2.715^0.003 1 1
PWDT 1.039 2.826+0.0007 3.052+0.007 0 .9609  0 .9609
(a) PWDT-60 MeV m odulated and  un­
m odulated beam s
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1.00
0.99
0.98
*  • m o d u la t e d
■ u n -m o d u la te d
as..
0.0 0.5
cf,
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„ {g/cm 2)
2.5 3.0
(b) PWDT - 60 MeV m odulated and un­
m odulated beam
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Figure 8.16 Fluence correction factor for PWDT with respect to water in 60 MeV modulated and un­
modulated proton beams at the CCO cyclotron, (a) before nomialization and (b) after normalization at 
the surface. The lines linking data points are only provided as a guide for the eye.
The fluence correction factor for PWDT with respect to water, in Fig. 8.16a was 
about 0.5% above unity at the surface for both 60 MeV modulated and un-modulated proton 
beams and increased with depth to 1% for the modulated beam. Given the fact that the fluence 
at the surface should be equal for both phantoms i.e. the ratio of the measured ionization 
charge should be unity at the surface of the phantom (absence of backscatter), this observation 
value above unity could be due to a drift of the ratio of the fluence at the phantom position 
and signal measured by Roos chamber over the course of the measurement sequence. Note 
that the deviation from unity is only 0.3% for the un-modulated beam and 0.5% for the 
modulated beam. Thus, depth dose curve for water and PWDT were extrapolated at zero 
depth and the ratio (only 1.003 for un-modulated beam and 1.005 for modulated beam) was 
used for normalization of the fluence correction factor. After normalization, in Fig. 8.16b 
was almost unity for the un-modulated beam and less than 0.5% up to 2 g/cm' water 
equivalent depth for modulated beam.
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In comparison with the Monte Carlo simulations, these results give a good agreement 
with mono-energetic beam as well as with modulated and un-modulated beams within the 
statistical uncertainty.
8 . 3 . 2  F l u e n c e  c o r r e c t i o n  f a c t o r  w i t h  r e s p e c t  t o  g r a p h i t e
8.3.2.1 For aluminium and copper
Based on the previous results of the graphite-to-water fluence correction factors which 
were found to be close to unity and by using the same experimental setup in Fig. 8.6, the 
fluence correction factor for aluminium and copper with respect to graphite, was obtained 
and is presented in this section.
AI - 60 MeV un-m odulated beam
4 -
o
S’(S.c
g Si 3
0
—  g r a p h ite
— a lu m in iu m
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1
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6
5 I
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1 - 
0
 B  g ra p h ite
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2.3 2.5 2.7 
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Figure 8.17 Depth ionization curves for graphite. A -150 and aluminium obtained by experiment at 60 
MeV CCO cyclotron, a) as a function o f depth and b) as a function o f water equivalent depth
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Figure 8.18 Fully modulated depth ionization curves for graphite and aluminium obtained by 
experiment at 60 MeV CCO cyclotron, a) as a function o f depth and b) as a function o f  water
equivalent depth
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Figures 8.17a & 8.18a show the result of the depth ionization distribution in gi'aphite 
aluminium, and copper. Water equivalent depths for graphite, aluminium and copper are 
demonstrated in Figs. 8.17b & 8.18b. The ranges of aluminium and copper are listed in table 
8.4.
Table 8.5 Ranges for aluminium and copper obtained by experiment
Material Density(g.cm'^)
Ranges rgo 
60 M eV proton 
(g/em^)
Range scaling factor rsoVrso-ph
U nm odulated
beam
Modulated
beam
U nm odulated
beam
Modulated
beam
graphite 1 2.930±0.009
2.903+.0.009
2.914±_0.009" 0 .92650
0 .93206
0 .9 2 8 4 f
aluminium 3.491±0.006 3.461^0.006 0.77764 0 .78167
copper 8.96 Not investigated 4.180+0.005 Not investigated 0.64726
used for copper in modulated beam
AI - 60 MeV Un-modulated beam AI & Cu - 60 MeV modulated beam
1.02 1
■ -A l
1.01 1.00
0 .9 9  - 0 .9 6
0 .9 8 0 .9 4
0 .5 2 .5 0 .5 2 . 5
(g/cm 2) (g/cm 2)V
Figure 8.19 Fluence correction factor for A -150, aluminium and copper obtained by experiment a) 60 
MeV un-modulated beam and b) 60 MeV modulated beam
For the un-modulated beam it was observed in Fig. 8.19a that k^jj for aluminium 
decreased with penetration depth to about 2% at 2 g/cm“ water equivalent. For the modulated 
beam, the k^fi also decreased by ~ 4% at 2 g/cm2 for aluminium and 6% copper. The decrease 
of the k^j] distribution in aluminium and copper as a function of water equivalent depth is 
assumed to be due to the differences in non-elastic nuclear interactions since the stopping
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power ratios are assumed to be constant in the clinical energy range. This is mainly due to the 
dependence of non-elastic nuclear cross-section at low energy as described in the analytical 
calculations and Monte Carlo simulation.
In general these results were found to be in good agreement with theoretical Monte 
Carlo simulations for the dose based calculation in modulated beam in almost the same 
decreasing rate which was about ~ 1.6/cm. The decrease in the rate in un-modulated beam 
(0.8/cm) gave an acceptable agreement with Monte Carlo modulated beam (~ 1.2/cm) within 
the statistical uncertainty for the Monte Carlo calculations (section 1.2.62).
S.3.2.2 For plastic-water and A-150 tissue-equivalent phantoms
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Figure 8.20 Depth ionization curves for graphite, PW, PWDT and W Tl obtained by experiment at 60 
MeV CCO cyclotron, a) as a function of depth and b) as a function o f water equivalent depth
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Figure 8.21 Full modulated depth ionization curves for graphite, PW, PWDT and WTl obtained by 
experiment at 60 MeV CCO cyclotron, a) as a function o f depth and b) as a function o f water
equivalent depth
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To evaluate the fluence correction factor for plastic-water materials: PW, PWDT and 
WTl and A-150 tissue equivalent with respect to graphite depth ionization curves for these 
materials was obtained in modulated and un-modulated beams in Figs. 8.20a & 8.21a using 
the same experimental setup shown in Fig. 8.6. Similar to all previous experiments water 
equivalent depths were obtaining in Fig. 8.20b and 8.21b. Ranges of PW, PWDT, WTl and 
A-150 are illustrated in table 8.6.
Table 8.6 Ranges for PW, PWDT, WTl and A-150 obtained by experiment
Material Density(g.cm'^)
Ranges rso 
60 M eV proton 
(g/cm^)
Range scaling factor Vso-Jrso-ph
Un­
modulated
beam
Modulated
beam
Unm odulated
beam
Modulated
beam
graphite 1.700 3.066+0.009 3.043+0.002 0.88161 0.88913
A-150 1.127 2.967+0.005 2.721+0.007 1.00651 0.99750
PW 1.013 2.845+0.003 2.813+0.003 0.95417 0.96202
PWDT 1.039 2.821+0.003 2.7971+0.003 0.96253 0.96743
WTl 1.020 2.770+0.003 2.7398+0.003 0.97984 0.98766
Plastic-w ater and  A-150 - 62 MeV Un m odulated beam
1.02 1 Ÿ 1;X  P W D T
■—  W T1
■0 P W
- A - - B O
1.01
0.99 -
0.98
2.00.0 0.5 2.5 3.0
(g/cm 2)
Figure 8,22 Fluence correction factor for PW, PWDT and WTl with respect to graphite in 60 MeV
un-modulated beam at the CCO cyclotron.
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Plastic-water and A-150 - 62 MeV modulated beam
*  PVMDT - o  P W
 VVT1
1.02 1
 -A A-150
*  ;
0.99 -
0.98
2.0 2.5 3.00.0 0.5
(g/cm
Figure 8.23 Fluence correction factor for PW, PWDT and WTl with respect to graphite in 60 MeV
modulated beam at the CCO cyclotron.
The measured fluence correction factors at water equivalent depths with respect to 
graphite, for PWDT, PW and WTl and A-150 tissue equivalent are shown in Fig. 8.22 for 
un-modulated beam and Fig. 8.23 for modulated beam. It was observed that the k^ji for A-150 
was almost unity up to 2 g/cm  ^ for the un-modulated and modulated beams. This result of 
modulated beam in figure 8.23 for A-150 give a good agreement with the Monte Carlo 
calculations based number for the proton ratio (section 7.2.5.2) - mono-energetic & 
modulated beams with an 0.5% fluence correction below unity and good agreement with dose 
based calculation method with decreasing of fluence correction of ~ 0.5% below unity in 
mono-energetic beam and ~ 1% below unity in modulated beam (sections 7.2.6.5 & 7.2.6.6).
For plastic water materials, the k^y in un-modulated beams was almost unity for PW and 
PWDT and less than a 1% effect for WTl up to 2 g/cm  ^ water equivalent. In the modulated 
beam, it was also almost unity for PW and decreased to less than 1% below unity for PWDT 
and WTl. These results found to be in an agreement with Monte Carlo simulation in mono- 
energetic beam (dose based calculation, fluence based calculation and ratio of number of 
proton calculation) as well as with the modulated and un-modulated beams within the 
statistical uncertainty for modulated and un-modulated simulations.
8.4 U ncertainty o f m easurem ents
Both type-A and type-B uncertainties were evaluated. The statistical (type-A) 
uncertainty was obtained by repeating measurements of charge for each depth at least five 
times. In addition, the uncertainty of the mass thickness was evaluated by repeating the 
measurements of the thickness, the area and the mass for each plate. Then standard deviation
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of the mean (which corresponds to 1 a) then was calculated for both the ionization charge and 
the mass thickness using Eq. 4.3.
The Systematic (type-B) uncertainties were evaluated for air density in the chamber 
since the mass of the air varies with temperature and pressure. Thus, ionisation measurements 
were corrected for temperature and pressure using Eq. 4.4. The uncertainty of the mass 
thickness corresponds to another uncertainty on the ionization reading. This uncertainty is 
based on the gradient in depth especially at Bragg-peak. This was done by calculating the 
gradient between each two following measurements and evaluating the corresponding 
uncertainty for ionization reading from mass thickness uncertainty previously calculated. 
Thus, there were two type of uncertainty introduced to ionization reading measurements.
The stability of the beam was verified by the long term reproducibility of the 
measurements over the whole series of experiments.
Both type-A and type-B uncertainties for the experimental results were in general small. 
It was observed that the uncertainty of the fluence correction factor for all previous 
measurements was growing in depth especially at the Bragg peak region. However, for the 
un-modulated beam at the Bragg peak region the type- B uncertainty related to positioning 
uncertainties was larger due to the large local gradient and the accumulated mass thickness 
uncertainties. For modulated beams the gradients are small so only the uncertainty due to on 
the ionization charge plays a significant role, another uncertainty on the modulated beam 
comes from the ripples on the spread out Bragg peak which can be seen if the scale is 
expanded. These ripples are due to the coarseness of the modulating wheel as discussed in 
section (7.1.1.3).
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Chapter 9
9 Summary and conclusions
The fluence correction factors k^ji and k^ji at water equivalent depths due to the non­
elastic nuclear interaction of protons with different phantom materials; graphite, aluminium, 
cooper, A-150 tissue equivalent and some plastic-water materials have been investigated in 
this study via three methods: (i) analytical calculation; (ii) Monte Carlo simulation using 
FLUKA 2008.3c in 60 and 200 MeV proton beams; and (iii) experimental measurements in 
60 MeV proton beam at CCO. The fluence correction factors in percentage are illustrated in 
tables 9.1, 9.2, 9.3 and 9.4.
9.1 General summary for different Monte Carlo 
calculations and analytical calculation
In this study Monte Carlo simulations helped to understand the physical interactions of 
primary protons and secondary particles, in addition to the resulting energy deposition. It also 
helped to control for different variables interactions which were not studied explicitly in the 
experimental work presented in this thesis.
The analytical calculations indicate a loss of primary protons from the beam in a linear 
fashion, at a rate of about 1.4% to 1.8% per cm for the 60 MeV proton beam. This results in 
between 4.2% to 5.5% proton loss over the entire range of the different materials used in the 
current study. For 200 MeV protons, the loss was found to be ~23% to 29% over the entire 
range at a rate of ~ 0.94% to 1.1% per cm. The differences between the surviving protons at 
water equivalent depth resulted in fluence correction for different materials in this method as 
summarized in tables 9.1, 9.2, 9.3 & 9.4. In general, the fluence corrections with respect to 
water, for these materials were found to be unity at the surface and increased with 
penetration depth which indicates more primary protons are removed from the beam in all 
materials as compared to water due to the non-elastic nuclear interaction. However, the 
fluence correction with respect to graphite, k^ji, was found to be decreasing with penetration 
depth for all materials since the number of surviving proton in graphite is the least among 
other materials in this study.
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The analytical fluence correction factors were slightly larger than those obtained by 
Monte Carlo simulation. From this observation it was concluded that the large loss of primary 
protons of graphite, A-150, aluminium, copper and plastic-water materials compared to water 
was compensated by a production of secondary protons in the Monte Carlo simulation.
The fluence correction factor was also obtained from (i) fluence based calculations for 
protons (primary + secondary) and (ii) fluence based calculations for protons including 
secondary alpha particles in water and phantom materials at water equivalent depths. A 
general observation was made that the fluence based calculations for protons agreed with the 
number of protons calculation (primary plus secondary protons). When the fluence of alpha 
particles was included in the calculation, the fluence correction factor with respect to water, 
was reduced to below unity at shallow depths. This compared to fluence corrections 
based on proton fluence only of ~ 0.5% for graphite, ~ 0.3% for A-150 and plastic-water 
materials, ~ 0.2% for PMMA and negligible for copper and aluminium in the 60 MeV mono- 
energetic proton beam. For 200 MeV protons, both fluence correction factors (i.e., based on 
protons fluence calculation and when secondary alpha particles were included), were below 
unity at shallow depths with corrections of approximately 1% for copper and aluminium and 
less than 0.5% for other materials. However, the ratio remained almost as the same as for the 
60 MeV protons. It was therefore concluded that at 60 MeV the contribution of alpha particles 
to the dose in water is less than that for graphite and other materials which contain carbon, 
such as plastic-water, PMMA and A-150 was more than water at shallow depths. At 200 MeV 
the contribution of secondary protons to the dose in copper and aluminium was more than 
other materials.
The effect of other secondary charged particles on the fluence correction factor was 
investigated through a comparison between dose-based calculations that include all secondary 
charged particles and fluence based calculation for protons and secondary alpha particles. It 
was found that the fluence correction factor, ^ kji, for graphite using dose based calculation was 
lowered by ~ 0.3% compared to the fluence based calculation in 60 MeV and ~ 0.5% (1% 
below unity) for 200 MeV protons. A good agreement was found between these two 
calculations in '^ kji for PMMA, A-150 and plastic-water phantom materials in 60 MeV and 
200 MeV mono-energetic beams as well as for aluminium and cooper. It was concluded that 
other secondary charged particles have a negligible effect on k^ji for PMMA, A-150, plastic- 
water, copper and aluminium at low and high energies (60 and 200 MeV). The k^ji slightly 
increased compared to fluence based calculation (protons + alpha particles) by ~ 2% for 
copper, 1% for aluminium, and 0.5% for PMMA, A-150, and plastic water materials at 200 
MeV.
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Table 9.3 Fluence correction factor with respect to water, at water equivalent depths in % from 
the surface up to 23 cm for different materials using a 200 MeV mono-energetic proton beam. The 
value in brackets provides the rate of growth of the fluence as a function of depth.
Materials
Analytical
calculation
Monte Carlo simulation 
The uncertainty in "'’kji using mono-energetic beam is 0.1%
Ratio o f surviving 
protons calculation^
Ratio of number o f 
protons calculation*’
Fluence based 
calculation'
Dose based 
calculation**
graphite
0%to7%
(0.3% /cm)
0% up to 10 cm
-0.8% to -1% up to 10 
cm
(-0.04%/cm)
-1 % to -2% up to 10 
cm 
(-0.1%/cm)
0%to4%  
(0.3%/cm)
-1% to 3.5% 
(0.34% /cm)
-2% to 3.5% 
(0.4% /cm)
aluminium 0%to4%  (0.17%/cm)
0% tol%
(0.04/cm)
-1% to 0.5% 
(0.06% /cm)
-1% to l%  
(0.08%/cm)
copper
0%to2%
0% to 1% up to 5 cm 
(0.2%/cm)
-1.5% to 0% up to 4 cm 
(0.5%/cm)
-1% to 1 % up to 4 cm 
(0.5%/cm)
(0.08%/cm) l% to-2%  
(0.16% /cm)
0% to -2% 
(-0.1%/cm)
l% to-2%  
(-0.15%/cm)
PMMA
0% tol%  
(0.04% /cm)
0% to 0.2% 
(0.04% /cm)
-0.5% to 1% 
(0.6% /cm)
-0.5% to 1% 
(0.6% /cm)
A-150
0%to 0.5%" 
(0.01%/cm)
0% to 0.8%" 
(0.02%/cm)
-0.5%  to 0% 
(0.02%/cm)
-0.5% to 0.5% 
(0.02% /cm)
PW
0% to 0.3%"
(0.08%/cm) 0%to 0.5%" (0.02%/cm)
-0.5% to 1% 
(0.06% /cm)
-0.5% to 1.5% 
(0.06%/cm)
PWDT
0%to3%  
(0.08%/cm)
0%to 2% 
(0.08%/cm)
-0.5% to 1.5% 
(0.06% /cm)
-0.5% to 1.5% 
(0.06%/cm)
W T l 0%to 2% (0.04% /cm)
0%to2%  
(0.08%/cm)
-0.5% to 1.5% 
(0.06% /cm)
-0.5% to 1.5% 
(0.06% /cm)
“ primary proton only 
’’ number o f  primary and secondary proton 
° fluence o f proton including secondary alpha particles 
Primary protons and all secondary charged particles 
" unity witiiin the uncertainty
Table 9.4 Fluence correction factor with respect to graphite, ^ kji, at water equivalent depth in % from 
the surface up to 23 cm for different materials using a 200 MeV mono-energetic proton beam. The 
value in brackets provides the rate of growth of the fluence as a function of depth.
Materials
Analytical
calculation
Monte Carlo simulation 
The uncertainty in^kji using mono-energetic beam is 0.1%
Ratio o f surviving 
protons 
calculation^
Ratio o f number o f  
protons calculation*’
Fluence based 
calculation' Dose based calculation**
aluminium 0%to-2%  (-0.08%/cm)
0%to-2%  
(-0.09% /cm)
0% to 1% up to 5 cm 
(0.2%/cm)
1% to 2% up to 5 cm 
(0.2%/cm)
l% to-2%  
(-0.16%/cm)
2% t o -2%
(-0.2/cm)
copper 0%to-4%(-0.17/cm)
0% to 1% up to 5 cm 
(0.2%/cm)
0% to 1 % up to 5 cm 
(0.2% /cm)
1% to 3% up to 5 cm 
(0.4% /cm)
l% to -6% 
(-0.4% /cm)
l% to-2%  
(-0.16% /cm)
3% to -4% 
(-0.4% /cm)
PMMA
0% to -4% 
(-0.17% /cm)
0% to -2.5% 
(-0.1%/cm)
0% to 0.5% up to 10 cm 
(0.05% /cm) 0.7% up to 10 cm
0.5% to -3% 
(-0.2%/cm)
l% to-2%  
(-0.2%/cm)
A-150 0%to-6%(-0,.26%/cm)
0%to-3%  
(-0.13%/cm)
0% up to 10 cm 0.5% up to 10 cm
0.5% to -4% 
(-0.34% /cm)
l% to -4% 
(-0.38% /cm)
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PW 0%to -6% (-0..26%/cm)
0% t o -2.5% 
(-0.1%/cm)
0% to 1.5% up to 10 cm 
(0.15%/cm)
0.5% to 2% up to 2 cm 
(0.1%/cm)
1.5% t o -2% 
(-0.26% /cm)
2% to -2%
(-0.3%/cm)
PWDT 0%to-3%  (-0.13%/cm)
0%to-2%  
(-0.08%/cm)
0% to 1.5% up to 10 cm 
(0.15%Lm)
0.5% to 2% up to 2 cm 
(0.1%/cm)
1.5% to -2% 
(-0.26%/cm)
0.5% t o -2% 
(-0.3%/cm)
WTl 0%to-5%  (-0.2%/cm)
0%to-2%  
(-0.08% /cm)
0% to 1.5% up to 10 cm 
(0.15%/cm)
0.5% to 2% up to 2 cm 
(0.1%/cm)
1.5% t o -2% 
(-0.26% /cm)
2% to -2% 
(-0.3%/cm)
' primary proton only 
’’ number o f primary and secondary proton 
° fluence o f proton including secondary alpha particles 
** Primary protons and all secondary charged particles 
" unity within the uncertainty
9.2 Comparison between experimental findings and Monte 
Carlo simulation
9 , 2 . 1  G r a p h i t e
Since the graphite calorimeter provides absorbed dose in the graphite phantom, an 
accurate conversion from dose-to-graphite in the graphite phantom to dose-to-water in the 
water phantom is required for the standard absorbed dose-to-water measurement in proton 
radiotherapy. Therefore, the fluence correction due to non-elastic nuclear interactions for 
water-to-graphite was investigated in this study. The experimental finding for 60 MeV 
protons showed that the fluence correction factor is close to unity, with a value if 1.005 + 
0.002 at shallow depths up to 2.5 g/cm  ^ in un-modulated beam and up to entire depth in 
modulated beam with an acceptable uncertainty of 0.2% at lo. The Monte Carlo simulation 
for 60 MeV mono-energetic protons derived almost the same value as the experimental result, 
with an uncertainty of 0.1%. Modulated and un-modulated beams indicated a fluence 
correction factor of unity within the statistical uncertainties of 1% and 0.8% respectively. For 
the 200 MeV, there was no experiment preformed. However, Monte Carlo calculations for 
mono-energetic beams at this energy results in a correction factor of unity from the surface to 
10 cm in depth. Beyond this depth the correction increased to ~ 4% up to 23 cm in depth. 
Therefore, a unity fluence correction factor was assigned to graphite with an uncertainty of 
0.2% for 60 MeV protons. For 200 MeV protons, a correction must be applied, for depths 
beyond 10 cm. Based on this result the fluence correction factor k^ji was studied for different 
materials which are discussed in the next section.
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9 . 2 . 2  P l a s t i c - w a t e r  p h a n t o m s ^  P M M A  a n d  A - 1 5 0  t i s s u e  e q u i v a l e n t
In this study, the water equivalence of the three plastic-water phantoms: PW, PWDT 
and WTl was investigated in term of the fluence correction factor for 60 MeV and 200 MeV 
proton beams. These were also determined for PMMA and A-150 tissue equivalent. These 
phantoms are widely used in radiotherapy as a substitute for water, in particular for non­
reference dosimetry for routine use and quality control. Plastic-water phantoms are usually 
made water equivalent for a particular beam type. They are not universally water equivalent 
due to their different elemental composition to water. Numerous studies of the water 
equivalence of plastic-water phantoms have been reported for photon and electron beams, but 
none with clinical proton beams. For the latter, non-elastic nuclear interactions take place 
which could potentially influence the water equivalence.
The experimental finding for the value for PWDT gave a near-unity value of about 
1.003+ 0.001 for modulated and un-modulated 60 MeV proton beams. This was in good 
agreement with Monte Carlo simulations, which yielded small fluence corrections, within the 
statistical uncertainty. At the higher energy of 200 MeV protons, the Monte Carlo simulation 
showed an increase on with penetration depth up to 1.5% at 23 cm depths for all plastic- 
water materials, PMMA and A-150. Thus, for accurate measurements in radiotherapy, 
planning and quality assurance measurements, it is recommended to use a correction for the 
fluence for PW, PWDT and WTl if using high energy proton beams.
The experimental finding for k^ji for PW, PWDT, WTl, and A-150 also indicated near­
unity correction factors of 1.005 + 0.002 for A-150 and PW, and 0.993 + 0.002 for WTl and 
PWDT in modulated beam. For the un-modulated beam the k^ji was determined to be 1.002 + 
0.002 for A-150, 0.998 ± 0.002 for PWDT, 1.005 ±  0.002 for PW, and 1.007 ±  0.002 for 
PWDT.
The fluence correction factors with respect to graphite, k^y, showed a good agreement 
between the experimental results for modulated and un-modulated 60 MeV beams and Monte 
Carlo simulations mono-energetic beam. Simulated modulated and un-modulated beams 
yielded values oî^kji which deviated by less than 1% from unity for the three plastic-water 
phantoms, A-150 and PMMA. In general, all three plastic-water phantom materials, PMMA 
and A-150 showed good water equivalence for dosimetry with 60 MeV clinical proton beams. 
Graphite has previously been shown to exhibit good water-equivalence at 60 MeV proton 
beam.
At higher energies, the k^y changes with penetration depth over a few percent and the 
fluence correction factors need to be applied for accurate dosimetry, for example, when 
comparing absolute dosimetry using a graphite calorimeter with dosimetry in plastic-water 
phantoms
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9 . 2 . 3  A l u m i n i u m  a n d  c o p p e r
The experimental for aluminium decreased with penetration depth to about 1% at a 
depth of 2 g/cm  ^ water equivalent for the un-modulated beam and ~ 4% at 2 g/cm2 for 
modulated beam. Copper showed a decrease to ~ 6% for modulated beam.
Mote Carlo simulation for mono-energetic beam did not agree with the experimental 
results. However, dose based calculations for modulated and un-modulated beams gave a 
good agreement in term of the over all trend within the statistical uncertainty for both 
aluminium and copper.
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Appendix A 
Derivation of stopping power equation
In a classical view of kinetic energy transfer the stopping power is evaluated through 
classical mechanical theories and quantum mechanics as well. In classical mechanics, when 
the momentum P=mv of a moving object is changed (in direction or velocity) in a period of 
time over, AP= m Av, due to applied force F, the momentum of the other object will change in 
opposite way and pick up the momentum that was lost by the first object according to a 
simple derivation using Newton’s second law, AP = mAV = F At
Thus, the momentum imparted to an electron and lost by the incident heavy charged particle 
can be estimated by the impulse, which is the integral of the Coulomb Force (F) in a period of 
time (t).
P = \F d t  (1)
The loss of kinetic energy of the heavy charged particle for elastic interaction is equal to the 
kinetic energy gained by the electron Eg of mass mo (Meyerhof 1967).
£ ' , = - A - =  [p d t  (2)
The classical Bohr approach, considers a heavy charged particle of charge, zie, moving 
at a velocity, v, in an electric field. The charged particle is passing near an electron of charge, 
e, and mass, mo, at impact parameter b as shown in Fig 1. Then the transferred momentum to 
the electron is: (Ziegler 1999)
e ,  irio 
—
O  .
M, Z \Q , V
b
2 b
Figure 1. Encounter between a heavy charged particle M 
and free electron mo with impact parameter b
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P e  =  \ F ( t ) . d t  ( 3 )
p. =  (4)
_ 2 / , 2Where zie'^  /  is the coulomb force. The integral in Eq. 2 can be estimated from the time of 
impact. Where, v is the velocity of the particle in Eq. 3. (Meyerhof 1967)
1st ~ — (4)
V
b v
The electron is also travels a distance dx = v dt, with respect to the heavy charged particle. 
This yields a more correct estimation for Eq. 2. Thus the time of the particle passes the 
electron will be;
A f «  —  (7 )
V
Then the momentum transfer to the electron is given by:
(8)
b v
The kinetic energy gained by the electron of mass, lUo is therefore,
2m ^ m„ b^ v
A E = ^  = ---- ^  (9)
This is the kinetic energy lost by the particle to one electron in one encounter. To find the 
number of encounters, consider a cylindrical shell of thickness db and length dx of Z2 atomic 
number as shown in Fig. 2.
dx
Figure 2. Encounter between a heavy charged particle M 
with impact parameter b
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If there are n atoms per unit volume, then the number of electrons in the path length dx will be
nZ2 p .27ib db . dx (10)
Where, nZ2 is number of electron per unit volume of the stopping material which is equal to 
Z2 (Na/A), where Na is Avogadro’s number and A is the atomic weight number. The factor 
Z2/A is approximately equal to 1/2 for all materials except hydrogen.
- d E -  — ^2~ T  * ^ ^ 2  P- db. dx (11)
To obtain the stopping power, this transferred energy must be integrated over all possible 
impact parameters, b, since each electron in a different position will gain a different amount 
of energy depending on how far it is from the path of the incident particle.
dE 4 ;r z ,V  n Z jP  " 7  1j  db (12)
dx m^v J  b
dE 4 K z y n Z ^ p  
dx ô„,.
Where, bmax and bmin are the maximum and the minimum impact parameters. Since the 
electrons are bound to the atoms with certain electronic energy levels, the particle cannot 
transfer any energy to the atom unless it excites the atom at least to the first excited state. (To 
allow transfer of energy to an electron in an orbit, it should be noted that, for the distance 
collision, the interaction time should not be longer than the orbital frequency of an electron. 
This suggests a cutoff) (Ziegler 1999).
Here the interval time of energy transfer in Eq. 3 must not be longer than the rotation time of 
the electron in its orbit
iSt„ax~l/v> (14)
where u is the orbital frequency. Then, when St,nax ~ iStmpact and the mean excitation potential 
of the medium is:
dmean b V (15)
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(16)
(17)
(18)
This is the maximum impact parameter. The minimum impact parameter can be estimated by 
using the uncertainty principle, AP Ax ~ h, as the position of the electron cannot be specified 
with respect to the heavy particle more than its Broglie wavelength, Z=h/mv. The 
momentum in relative coordinate system, mgV (Meyerhof 1967). Then the minimum distance 
b is:
h (19)
m y
Using these two estimations in the stopping power equation
dE ATizle^nZ^p 
dx m y
In
2 m y (20)
This equation describes the energy loss due to particle collisions in the non-realistic region. A 
factor of 2 in the logarithm term has been added (Turner 1986). This is to make the formula 
agree with quantum mechanical calculation which was first carried out by Bethe using the 
Born approximation.
For particles with velocities much larger than the target electrons, relativistic effects are 
included in the logarithmic term. Eq. 19 is called the Bethe-Bloch energy loss formula.
dE _Anzle^ nZ^p 
dx m^ c^
(21)
Where p = v/c, dimensionless, c is the velocity of light. For a given p the kinetic energy E of a 
particle is proportional to its rest mass MqC^ (which is equal to 938.3 MeV for proton) and E is 
the kinetic energy of the particle by (Attix 1986):
P = 1 -
1 (22)
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The relativistic region of the Bethe-Bloch energy loss formula was described by Fano (Ziegler 
1999) with two additional corrective terms included; The shell correction CIT? and The 
density effect correction term 5/2.
dE _ An z]e^ nZ^p 
dx
In C
The complete expression for the mass stopping power is thus:
(23)
dE An z \e ‘^ nZ
p d x  m^c p '
In
C
(24)
In this expression:
moC^  is the electron rest mass,
nZi is electron density of the stopping material (the number of electron per unit volume), 
p is the density of the medium, 
e'^  is magnitude of electron charge,
P is v/c, speed of particle relative to speed of light,
z \  is atomic number of the particle,
I is the mean excitation energy,
C/Z2  and 5/2 are shell correction and density effect respectively.
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Stopping power calculations for some materials in this studied 
I. Calculation of electron density
The number of electrons per unit volume, n%2 , in Eq. 3.4 was calculated for several materials 
as follow:
(a) Graphite, C (Z=6, A=12)
Z ^ _ 6 . 0 2 x l 0 ” m o r ‘_x 6  ^ 3 q o v x I O ^ g >  =  5 . 1 1  x l O “  c m - ’
-1
A  1 2 . 0 1 1
(b) Aluminium, A1 (Z=13, A=27)
a ^ ^ 6 . 0 2 x  10”  m o r ‘ x  1 3  ^  ^ . 9  x i o ”  g  ‘  =  7 . 8 2  x l O ”  c m ’’
A  2 6 . 9 8 1 5 4
(c) Copper, Cu (Z=29, A=63.456)
^ J . 0 2 x l 0 = m o r ' x 2 9  ^  g . .  ^4.61 x io ”  cm '’
A  6 3 . 5 4 6  g m o F
(d) Water
A H2O molecule comprises of 2 atoms of H (Z=l) and 1 of O (Z=8).
Here the density of electrons per gram was obtained using the fraction weight of the atomic 
number (y).
(1)
\  J  molecule /  /
Where, Na is Avogadro’s number, A is the atomic weight and Z is the atomic number.
Z N ,
y  water
0 . 1 1 1 8 9 4 x l ^ 0 . 8 8 8 1 _ Q6_ x 8  =  3 . 3 4 1 6  x l O ^  c m '
1 . 0 0 7 9  1 5 . 9 9 9 4  '
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(e) PMMA
A PMMA molecules comprises of 5 atoms of C (Z=6), 8 atoms of H (Z=l) and 2 atoms of 
0(Z=8).
=  N ,
PMMA V
0.080538x1 0.599848x6 0.319614x8
1.0079 12.011
+-
15.8884
23 -13.247x10^ g
= 3.863 xlO^ cm'^
(f) A150
An A150 molecules comprises of C (Z=6), H (Z=l), O (Z=8), N (Z=7), F (Z=9) and Ca 
(Z=20). Here the number of electrons per gram was obtained using the fraction weight of the 
atomic number (y).
^0.010327x1 0.775501x6 0.035057x7 0.052316x8 ^
 1 1 : 1 1-
X150
1.0079 12.011 14.0067 15.9994
0.017422x9 0.018378x20 
V  18.998403 40.08
= 3.3051 X 10^ g'^ = 3.7246 xlO^ cm2 3 ____-3
( g ) P W
A PW molecules comprises of C (Z=6), H (Z=l), O (Z=8), N (Z=7), Cl (Z=17) and Ca 
(Z=20). Here the number of electrons per gram was obtained using the fraction weight of the 
atomic number (y).
A
0^.0925x1 0.6282x6 0.01x7 0.1794x8
 +  + ------------- — + ----------------  +
PW
1.0079 12.011 14.0067 15.9994
0.0096x17 0.0795x20
V 35.453 40.08
3.27906 X 10^ g ‘ = 3.32168 xlO^ cm2 3 ___ -3
(h) PWDT
A PWDT molecules comprises of C (Z=6), H (Z=l), O (Z=8), N (Z=7), Cl (Z=17), B(Z=5), 
Mg(Z=12) and A1 (Z=13). Here the number of electrons per gram was obtained using the 
fraction weight of the atomic number (y).
193
Fluence correction factor for varions materails in clinical voroton dosimetry
Appendix
=  N .
J PWDT
f 0.074x1 0.467x6 0.0156x7 0.3352x8 
1.0079 12.011 14.0067 15.9994
0.0024x17 0.0226x5 0.0688x12 0.014x13
• +  +  +■
35.453 10.81 24.305 26.98154
= 3.21725 X 10^ g ‘ = 3.34272 xlO"" cm2 3 ____-3
(i)W Tl
A WTl molecules comprises of C (Z=6), H (Z=l), O (Z=8), N (Z=7), Cl (Z=17) and 
Ca(Z=20). Here the number of electrons per gram was obtained using the fraction weight of 
the atomic number.
A
=  N .
w n
r0.081xl 0.672x6 0.024x7 0.199x8 1 
1.0079 12.011 14.0067 15.9994
0.001x17 0.023x20 
V 35.453 40.08
= 3.24786 X  10^ g'^ = 3.31282 xlO^ cm23
Tablel. Electron density for some materials
Material
Density
(g/cm )^
Number of 
Electrons (cm'^ ) Z/A
Water 1 3.3416 xlO^ 0.555236
Graphite 1.7 5.11x10^' 0.499542
Aluminium 2.698 7.82x10^ 0.481810
Copper 8.96 24.61X 10"^ 0.456362
PMMA 1.19 3.863 xlO^ 0.539187
A150 1.127 3.7246 xlO^ 0.549031
PW 1.013 3.32168 xlO^ 0.544693
PWDT 1.039 3.34272 xlO"^ 0.534426
WTl 1.02 3.31282 xlO'' 0.539511
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can be straightforward calculated using Eq. 3.5 for any give proton kinetic energy, E, 
knowing the rest mass energy for proton 938.3 MeV.(Turner 1995)
yS= 1
1
Rest mass energy calculation;
mass of proton {M) = 1.67 x 10^ ’ kg
speed of light (c) = 2.9 x 10® m/s
l J  = k g n E / ^
1 eV= 1.6022 xlO'^M 
~ 937.45 MeV
Table 2. P^  for proton at given kinetic energies
E (^MeV) E/Md F
1 0.0010660 0.0021287
2 0.0021321 0.0042507
3 0.0031982 0.0063660
4 0.0042643 0.0084745
5 0.005330 0.010576
6 0.0063965 0.0126714
7 0.0074626 0.0147599
8 0.0085287 0.0168418
9 0.0095948 0.0189170
10 0.0106609 0.0209857
15 0.0159914 0.0312317
20 0.0213219 0.0413178
25 0.0266524 0.051247
30 0.0319829 0.0610223
35 0.0373134 0.0706487
40 0.0426439 0.0801268
50 0.0533049 0.0986537
60 0.0639658 0.1166268
70 0.0746268 0.1340663
80 0.0852878 0.1509952
90 0.0959488 0.1674325
100 0.1066098 0.1833970
150 0.1599147 0.2567278
200 0.2132196 0.3206068
250 0.2665245 0.3765913
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III. Calculation of the mean excitation energy
The mean excitation energy, /-value, for one element material was obtained straightforward 
from ICRU-37
Table 3. /-value for one element material from ICRU-37 p. 18
/-value for one element material /(e V ) I n /
graphite 78 4.35
Aluminium 166 5.11
copper 322 5.77
Table 4. /-value for elements in compound liquid and solid materials from ICRU-37 p.24
/-value for elements in compound liquid 
and solid materials /( e V ) I n /
H liquid 19.20 2.95
B-5 85.88 4.45
C-6 81 4.39
N -7 82 4.40
0 -8 106 4.66
F-9 112 4.71
M g-12 176.28 5.17
AL-13 187.58 5 2 3
C l-17 180 5.19
Ca-20 215.83 5.37
Cu-29 363.86 5.89
Br-35 387.59 5.95
The mean excitation energy /-value for a compound material was calculated according to Eq. 
3.13
In /molucluar
In/,
(a) Water
M^’ater ~
0.111894x1
V 1.0079
Iwaier = 75.32 CV
In 19.24- 0.888106x8
15.9994
In 106 / 0.555236 =4.32
y
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(b) P M M A
In /PMMA 1.0079 12.011 15.8884
=  4.26
IpMMA~ 70 .87  eV
/ 0.539187
(c) A -150
-^ ,4150 ~
^ 0 0 1 0 3 2 7 ^ ^  19 .2  +  0  0  0 3 5 0 5 7 x  7 ^
+  ■
V
1.0079 
0.052316x8 
15.9994
lnl06 +
12.011 
0.017422x9 
18.998403
ln ll2 +
14.0067 
0.018378x20 
40.08
ln215
/ 0.549031
=  4.165
h -150 =  64.41 eV
(d )P W
^ 0 0 9 2 5 ^  l n i 9 ^ ^ + 0 .6 2 8 2 x 6
+  -
1.0079 
0.1794x8 
15.9994
lnl06+
12.011 
0.0096x17 
35.453
h l8 0 +
14.0067
0.0795x20
40.08
ln215
/ 0.544693
=  4.27
/pM^  =  71.83 eV
(e) P W D T
^0.074x 1 ^  81 + ^ In 82
In /PWDT
1.0079 
0.3352x8
+■
+■
15.9994
0.0688x12 
24.305
lnl06 +
12.011 
0.0024x17
14.0067
0.0226x5
In 176+
35.453
0.014x13
26.98154
lnl80+
10.81
In 85
lnl87
/ 0.5534426
197
Fluence correction  factor for varions m aterails in clin ical voro ton  dosim etrv
= 4.34
Ipiy — 77.02 eV
A ppendix
(f)WTl
1.0079 
0.199x8 
15.9994
lnl06 +
12.011 14.0067
. 0 . 0 0 1 r l 2 h l 8 0 + ^ ^ ^ l n 2 1 5
35.453 40.08
/ 0.539511
= 4.25
Ipfy — 70.20 eV
Table 5. /-value for elements and compound materials calculated using Eq. 3.13 (ICRU-37)
Material calculated /-value 
(eV)
Graphite 78
Aluminium 166
Copper 322
Water 75.32
A150 64.4
PMMA 70.9
PW 71.83
PWDT 77.02
WTl 70.20
IV. Calculation Stopping Power
Calculated mass stopping power was compared to ICPU-49 stopping power in table 6. The 
mass stopping power was calculated for the same materials above for several proton energies 
1, 10, 20 ...200 MeV. Noting that corrections for stopping power were not included.
dE An nZ.
p d x  m^c p"
In
Starting with the first part of the equation:
- 3
4 ; r z y M Z 2  4 ; r x ( 4 .8 0 2 9 x l0 -^ ° y e jw '^ x 3 .3 4 4 x l0 ^ C 7 M -  
"9.109xl0-""g x(2.998xlO'°y c?M^ /sec" x0.00213
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. e s u " ^ . c m   ^ _ esu^The unit-------------  was converted to erg/cm using ( 1 erg = ------ =  — )
g . cm cm sec
where esu is electro static unit for electron charge ‘Statcoulomb’. 1 esu = 3.336 xlO‘^ ° C.
Anz^e _ 2 30122x 10'^  erg/cm = 80.17 MeV/cm.
Where the electron density, 11Z2, for water was calculated to be 3.3416x10^  ^cm'^  (table 1) and 
was 0.00213 for 1 MeV proton (table 2).
The second part, the dimensionless term in stopping power equation 
[ l n 2 m , c ^ ^ - l n 7 - l n  { \ ~ P ^ )  -  ]
[ln (2 x l.0 2 x l0 ‘ X0.00213) -4.312 -  In (1-0.00213)]= 3.374 
where 4.321 is \rd^ ,ater
The linear stopping power for 1 MeV proton for water is:
S /L  = - — = 80.17 X 3.374 = 270.55 Me V/cm 
dx
The mass stopping power is
S / p  = — — = 80.17 X 3.374 xl /p = 270.55 MeV.cmVg 
p  dx
Table 6. Comparison o f Calculated stopping power and stopping power from ICRU-49
E
(MeV)
Water
MeV.cm^/g
PMMA
MeV.cmVg
A-150
MeV.cmVg
Graphite
MeV.cmVg
Aluminium
MeV.cmVg
Calculated ICRU Calculated ICRU Calculated ICRU Calculated ICRU Calculated ICRU
1 296.1 260.8 265.83 253.2 270.59 268.1 235.73 229.7 179.2 172.0
10 45.81 45.67 44.98 44.52 44.8 46.37 40.85 40.84 34.25 33.76
20 26.05 26.07 25.55 25.39 25.36 26.38 23.11 23.32 19.82 19.69
40 14.84 14.88 14.55 14.49 14.48 15.02 13.18 13.31 11.44 11.42
60 10.75 10.78 10.53 10.5 10.4 10.87 9.55 9.64 8.34 8.33
80 8.6 8.62 8.42 8.39 8.31 8.69 7.65 7.71 6.69 6.69
100 726 7.28 7.11 7.09 7.02 7.34 6.46 6.52 5.67 5.67
150 5.42 5.44 5.31 5.3 5.23 5.47 /LSG 4.86 4.26 4.62
200 4.47 4.49 4.38 4.37 4.31 4.51 3.98 4.01 3.52 3.52
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Table 7. Comparison o f Calculated stopping power for some plastic-water materials 
and stopping power from FLUKA
E (M eV )
PW
MeV.cm^/g
PWDT
MeV.cm^/g
W T l
MeV.em^/g
Calculated FLUKA Calculated FLUKA Calculated FLUKA
0.050 649.71 586.50 530.26 586.50 679.16 586.50
0.055 726.45 671.62 615.30 671.62 751.93 671.62
0.060 779.56 731.50 675.53 731.50 801.84 731.50
0.065 816.10 773.61 718.26 773.61 835.75 773.61
0.070 840.78 802.93 748.36 802.93 858.24 802.93
0.075 856.83 822.89 769.21 822.89 872.43 822.89
0.080 866.50 835.91 783.17 835.91 880.53 835.91
0.085 871.43 843.72 791.94 843.72 884.10 843.72
0.090 872.80 847.59 796.79 847.59 884.29 847.59
0.095 871.47 848.45 798.62 848.45 881.93 848.45
0.100 868.10 847.01 798.13 847.01 877.66 847.01
0.125 834.40 820.24 775.79 820.24 840.72 820.24
0.150 790.62 780.66 739.98 780.66 794.98 780.66
0.175 746.73 739.53 702.02 739.53 749.81 739.53
0.200 705.74 700.45 665.63 700.45 707.94 700.45
0.225 668.37 664.47 631.95 664.47 669.93 664.47
0.250 634.59 631.71 601.18 631.71 635.68 631.71
0.275 604.08 601.99 573.20 601.99 604.82 601.99
0.300 576.49 575.02 547.75 575.02 576.95 575.02
0.350 528.69 528.10 503.41 528.10 528.76 528.10
0.400 488.80 488.79 466.18 488.79 488.61 488.79
0.450 455.04 455.42 434.54 455.42 454.67 455.42
0.500 426.08 426.75 407.32 426.75 425.60 426.75
0.550 400.96 401.83 383.65 401.83 400.39 401.83
0.600 378.94 379.96 362.86 379.96 378.31 379.96
0.650 359.47 360.59 344.44 360.59 358.79 360.59
0.700 342.12 343.32 328.00 343.32 341.41 343.32
0.750 326.54 327.81 313.23 327.81 325.82 327.81
0.800 312.48 313.79 299.88 313.79 311.74 313.79
0.850 299.71 301.05 287.75 301.05 298.96 301.05
0.900 288.06 289.42 276.67 289.42 287.30 289.42
0.950 277.38 278.76 266.51 278.76 276.62 278.76
1.000 267.56 268.94 257.14 268.94 266.79 268.94
1.250 228.12 229.50 219.53 229.50 227.38 229.50
1.500 199.71 201.04 192.36 201.04 199.00 201.04
1.750 178.15 179.43 171.72 179.43 177.47 179.43
2.000 161.18 162.39 155.45 162.39 160.54 162.39
2.250 147.43 148.59 142.26 148.59 146.82 148.59
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2.500 136.04 137.15 131.32 137.15 135.46 137.15
2.750 126.44 127.50 122.10 127.50 125.89 127.50
3.000 118.22 119.24 114.20 119.24 117.69 119.24
3.500 104.87 105.81 101.35 105.81 104.38 105.81
4.000 94.45 95.32 91.32 95.32 94.00 95.32
4.500 86.07 86.89 83.25 86.89 85.65 86.89
5.000 79.18 79.95 76.61 79.95 78.79 79.95
5.500 73.40 74.12 71.03 74.12 73.03 74.12
6.000 68.47 69.16 66.28 69.16 68.12 69.16
6.500 64.22 64.87 62.18 64.87 63.89 64.87
7.000 60.51 61.13 58.60 61.13 60.19 61.13
7.500 57.24 57.84 55.44 57.84 56.94 57.84
8.000 54.34 54.91 52.64 54.91 54.05 54.91
8.500 51.74 52.29 50.13 52.29 51.46 52.29
9.000 49.41 49.94 47.87 49.94 49.14 49.94
9.500 47.29 47.80 45.82 47.80 47.03 47.80
10.000 45.36 45.86 43.96 45.86 45.11 45.86
12.500 37.84 38.26 36.69 38.26 37.62 38.26
15.000 32.61 32.98 31.63 32.98 32.42 32.98
17.500 28.75 29.09 27.90 29.09 28.58 29.09
20.000 25.78 26.09 25.02 26.09 25.63 26.09
22.500 23.42 23.70 22.73 23.70 23.28 23.70
25.000 21.49 21.75 20.86 21.75 21.36 21.75
27.500 19.89 20.13 19.31 20.13 19.76 20.13
30.000 18.53 18.75 17.99 18.75 18.41 18.75
35.000 16.35 16.55 15.88 16.55 16.25 16.55
40.000 14.68 14.86 14.26 14.86 14.59 14.86
45.000 13.36 13.53 12.98 13.53 13.27 13.53
50.000 12.28 12.44 11.93 12.44 12.20 12.44
55.000 11.39 11.53 11.06 11.53 11.31 11.53
60.000 10.63 10.77 10.33 10.77 10.56 10.77
65.000 9.98 10.11 9.70 10.11 9.92 10.11
70.000 9.42 9.55 9.16 9.55 9.36 9.55
75.000 8.93 9.05 8.69 9.05 !L88 9.05
80.000 8.50 8.61 8.27 8.61 8.45 8.61
85.000 8.12 8.22 7.89 8.22 8.06 8.22
90.000 7.77 7.88 7.56 7.88 7.72 7.88
95.000 7.46 7.56 7.26 7.56 7.41 7.56
100.000 7.18 7.28 6.99 7.28 7.14 7.28
125.000 6.10 6.18 5.93 6.18 6.06 6.18
150.000 5.36 5.44 5.22 5.44 5.33 5.44
175.000 4.83 4.90 4.70 4.90 4.80 4.90
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200.000 4.42 4.48 4.31 4.48 4.39 4.48
225.000 4.11 4.16 4.00 4.16 4.08 4.16
250.000 3.85 3.90 3.75 3.90 3.82 3.90
275.000 3.64 3.69 3.54 3.69 3.62 3.69
300.000 3.47 3.51 3.37 3.51 3.44 3.51
350.000 3.19 3.24 3.11 3.24 3.17 3.24
400.000 2.99 3.03 2.91 3.03 2.96 3.03
450.000 2.83 2.87 2.75 2.87 2.81 2.87
500.000 2.70 2.74 2.63 2.74 2.68 2.74
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Appendix C 
Calculation of o/A for different materials
The o/A was calculated using three different methods:
a) In case of a material comprising of one element such as graphite (C-12) and 
aluminium (Al-27) the attenuation coefficient was calculated straight forward from 
equation 6.3
b) In case of a known molecular formula with », atoms such as water (H2O) and 
PMMA (C5H8O2) the total interaction cross section per atomic mass unit was 
calculated as:
O’molecule
\  /  molecular molecule
C>r
A
{ I cTq + S cTc )
(2A ^
Then the attenuation coefficient was calculated as follows: 
f a  ^
\  '^molecule )
SO for water:
~  P w  ^ A
P pMMA ~~ PPMMA ^  A
, and for PMMA
I G q +  5 0 c
100
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c) In case of an unknown molecular formula but known atomic weight fractions for 
each element, such as is the case for A150, PW, PWDT and WTl the total 
interaction cross section per atomic mass unit was calculated as:
V y  molecule r  A ,
so for A150:
0.775501er,. 0.035057<T„ 0.0523I6<To 0.017422(7^ 0.018378(7^.'^G
12 14 16 19 40
Then the attenuation coefficient was calculated as follow:
P a -150 ~  P a -150
G
V -^  y  .4-150
Appendix D
Characteristics of Plane-Parallel chamber types used in this study (Adapted from TRS-381)
Ionization
chamber
type
Materials
Window
thickness
Electrode
spacing
Collecting
electrode
diameter
Guard
ring
width
Recommen
ded
phantom
material
NACP02
mylar foil and graphite 
window
graphited rexolite 
electrode
graphite body (back 
wall)
rexolite housing 
PMMA
104m gcm -2  
0.6 mm
2 mm 10 mm 3 mm Water,
PMMA
Roos
chamber
PMMA
graphited electrodes
118 mg cm-2 
1 mm
2 mm 16 mm 4 mm water
PMMA
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Appendix E
I. Monte Carlo (FLUKA2008.3c) input file for water using simple 
geometry
* . .  + ____ 1 ____ + _____2 ____ + _____3 ____ + _____ 4 . .
TITLE
60 MeV p r o t o n  i n  w a t e r .  F u l l  c a l c u l a t i o n  
DEFAULTS
PHYSICS 3 .
PHYSICS 1 .
EVENTYPE 2 .
* beam d e f i n i t i o n s  
BEAM - . 0 6
BEAMPOS 0 . 0  0 . 0  - 0 . 1
GEOBEGIN
0 0 C y l i n d r i c a l  T a r g e t
HADROTHE
EVAPORAT
COALESCE
DPMJET
1 .  OPROTON
COMBNAME
* B o d i e s
* G e n e r a l d e f i n i t i o n s  o f  geometr;
* C y l i n d r i c a l  T a r g e t
* . . + . . . .
SPH B1 0 . 0  0 . 0  0 . 0  1 0 0 . 0
RPP B2 - 5 0 . 0  5 0 . 0  - 5 0 . 0
z e e  B4 0 . 0  0 . 0  4 . 0
XYP PLl 0 . 0
XYP PL2 0 . 1
XYP PL3 0 . 4
XYP PL4 0 . 5
XYP PL5 0 . 9
XYP PL6 1 . 0
XYP PL7 1 . 4
XYP PL8 1 . 5
XYP PL9 2 . 0
XYP PLIO 2 . 1
XYP P L l l 2 . 4
XYP PL12 2 . 5
XYP PL13 2 . 7
XYP PL14 2 . 8
XYP PL15 2 . 9
XYP PL16 
END
3 . 2
* R e g i o n s
* . . + . . . .
BLl 5 +B1 -B2
V02 5 +B2 +PL1 1 +B2
TRl 5 +B4 - P L l  +PL2
TR2 5 +B4 -PL2 +PL3
TR3 5 +B4 -PL3 +PL4
TR4 5 +B4 -PL4 +PL5
TR5 5 +B4 -PL5 +PL6
TR6 5 +B4 -PL6 +PL7
TR7 5 +B4 -PL7 +PL8
TR8 5 +B4 -PL8 +PL9
TR9 5 +B4 -PL9 +PL10
TRIO 5 +B4 -PLIO +PL11
T R l l 5 +B4 - P L l l  +PL12
TR12 5 +B4 -PL12 +PL13
TR13 5 +B4 -PL13 +PL14
TR14 5 +B4 -PL14 +PL15
TR15
END
GEOEND
MATERIAL
5 +B4 -PL15 +PL16
COMPOUND - . 1 1 1 8  94 HYDROGEN
ASSIGNMA BLCKHOLE BLl
ASSIGNMA VACUUM V02
.0 5 0 . 0
-B4 - P L l  +PL16 I +B2 -PL 16
1.0
- . 8 8 8 1 0 6
2 6 . 0
OXYGEN
WATER
WATER
205
Fluence correction  factor for varions m aterails in clin ica l voro ton  dosim etry
A ppendix
AS SIGNMA WATER TRl TR15
* s c o r i n g
* e n e r g y  d e p o s i t i o n  and f l u e n c e
* . 1 ____ + ____ 2 _____ + . . . . 3 .  .
SCORE ENERGY BEAMPART PROTON
RANDOMIZ 1 . 0 . 0
USRBIN 1 1 . 0 DOSE - 2 1 . 4 . 0 0 . 0 3 .  2TargDos
USRBIN 0 . 0 0 . 0 0 . 0 1 . 0 1 . 0 3 2 0 . 0&
USRBIN 1 1 . PROTON - 2 2 . 4 . 0 0 . 0 3 .2 T a r g P ro
USRBIN 0 . 0 0 . 0 0 . 0 1 . 0 1 . 0 3 2 0 . 0&
USRBIN 1 1 . 0 BEAMPART - 2 4 . 4 . 0 0 . 0 3 .2 T a r g P r i
USRBIN 0 . 0 0 . 0 0 . 0 1 . 0 1 . 0 3 2 0 . 0&
USRTRACK 1 . PROTON - 2 5 . TRl 5.02656 2 0 0 . P 0 - 0 . 1
USRTRACK 0 . 0 6 0 . 0 &
USRTRACK 1 . PROTON - 2 6 . TR3 5 . 0 2 6 5 6 2 0 0 . PO.4 - 0 . 5
USRTRACK 0 . 0 6 0 . 0 &
USRTRACK 1 . PROTON - 2 7  . TR5 5 . 0 2 6 5 6 2 0 0 . PO.9 - 1
USRTRACK 0 . 0 6 0 . 0 &
USRTRACK 1. PROTON - 28 . TR7 5 .0 2 6 5 6 2 0 0 . P I . 4 - 1 . 5
USRTRACK 0 . 0 6 0 . 0 &
USRTRACK 1. PROTON - 2 9 . TR9 5 . 0 2 6 5 6 2 0 0 . P 2 - 2 . 1
USRTRACK 0 . 0 6 0 . 0 &
USRTRACK 1 . PROTON - 3 0 . T R l l 5 . 0 2 6 5 6 2 0 0 . P 2 . 4 - 2 . 5
USRTRACK 0 . 0 6 0 . 0 &
USRTRACK 1 . PROTON - 3 1 . TR13 5 . 0 2 6 5 6 20 0 .P2.7 -2 . 8
USRTRACK 0 . 0 6 0 . 0 5
USRTRACK 1 . PROTON - 3 2 . TR14 5 . 0 2 6 5 6 2 0 0 . P 2 . 8 - 2 . 9
USRTRACK 0 . 0 6 0 . 0 &
USRTRACK 1 . 4-HELIUM - 3 3 . TRl 5 . 0 2 6 5 6 2 0 0 . H 0 - 0 . 1
USRTRACK 0 . 0 6 0 . 0 &
USRTRACK 1 . 4-HELIUM - 3 4 . TR3 5.02656 2 0 0 . HO.5 - 0 . 5
USRTRACK 0 . 0 6 0 . 0 &
USRTRACK 1 . 4-HELIUM - 3 5 . TR5 5 . 0 2 6 5 6 5 2 0 0 . HO.9 - 1
USRTRACK 0 . 0 6 0 . 0 &
USRTRACK 1 . 4-HELIUM - 3 6 . TR7 5.02656 2 0 0 . H I . 5 - 1 . 5
USRTRACK 0 . 0 6 0 . 0 &
USRTRACK 1 . 4 -HELIUM - 3 7 . TR9 5.02656 2 0 0 . H 2 - 2 . 1
USRTRACK 0 . 0 6 0 . 0 &
USRTRACK 1 . 4-HELIUM - 3 8 . T R l l 5 . 0 2 6 5 6 2 0 0 . H 2 .4 - 2 . 5
USRTRACK 0 . 0 6 0 . 0 &
USRTRACK 1. 4-HELIUM - 3 9 . TR13 5 . 0 2 6 5 6 2 0 0 . H 2 .7 - 2 . 8
USRTRACK 0 . 0 6 0 . 0 &
USRTRACK 1 . 4 -HELIUM - 4 0 . TRl 4 5.02656 2 0 0 . H 2 . 8 - 2 . 9
USRTRACK 0 . 0 6 0 . 0 &
START 1 0 0 0 0 0 0 .0 0 . 0 0 . 0 0 . 0 0 . 0 1 0 0 0 0 0 0 .
STOP
IL Monte Carlo (FLUKA2008.3c) input file for water using CCO 
beam line geometry
* . . + . . . . 1 . . . 2 . . . 3 . . . 4 . .
TITLE
CCO 6 2 . 2  MeV p r o t o n  i n  w a t e r ,  CCO beam  
DEFAULTS
PHYSICS 3 .
PHYSICS 1 .
EVENTYPE 2 .
* beam d e f i n i t i o n s , 3 m m  r a d i u s  
BEAM - . 0 6 2 2
BEAMPOS 0 . 0  0 . 0  - 2 2 5 . 0
GEOBEGIN
0 0 C y l i n d r i c a l  T a r g e t
* B o d i e s
0.0
HADROTHE
EVAPORAT
COALESCE
DPMJET
-1 .  OPROTON
COMBNAME
* G e n e r a l  d e f i n i t i o n s  o f  g e o m e tr y
* C y l i n d r i c a l  T a r g e t
* . . +___ 1____+____ 2. . . . +____ 3. . . . + .
SPH B1 0 . 0  0 . 0  0 . 0  1 0 0 0 0 . 0
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* A ir  
RPP B2
* Vacuum 
RPP B3 
ZCC B4 
XYP PLI 
XYP PL2 
XYP PL3 
XYP PL4 
XYP PL5 
XYP PL6 
XYP PL7 
XYP PL8 
XYP PL9 
XYP PLIO 
XYP P L l l  
XYP PL12 
XYP PL13 
XYP PL14 
XYP PL15 
XYP PL16
- 1000.0  1000.0  - 1000.0  1000.0  - 1000.0  1000.0
- 1 5 . 0  
0 . 0  0 
0.0  
0 . 1  
0 . 4  
0 . 5  
0 . 9  
1 . 0
1 . 4
1 . 5  
2.0  
2.1
2 . 4
2 . 5
2.6  
2 . 7  
2 . 9  
3 . 0
1 5 . 0  - 1 5 . 0  1 5 . 0  - 2 5 0 . 0  - 1 8 5 . 6  
. 0  4 . 0
* R r a s s  c o l l i m a t o r  
RCC B6 0 . 0  0
* H o le
RCC B7 0 . 0  0
* S t o p p i n g  b r a s s  
RCC B8 0 . 0  0
* 1 s t  F o i l
RCC B5 0 . 0  0
* 2nd F o i l
RCC B19 0 . 0  0
* K epton  window
RPP B9 - 1 5 . 0
* B r a s s
RCC BIO 0 . 0  0
* H o le
RCC B l l  0 . 0  0
* M ylar
RCC B12 0 . 0  0
* A lum inium  
RCC B13
* B r a s s  
RCC B14
* H o le  
RCC B15
* B r a s s  
RCC B16
* H o le  
RCC B17
* Roos  
RCC B18 
RCC B20 
END
0 . 0  0
0 . 0  0
0 . 0  0
0 . 0  0
0 . 0  0
0.0 0
0.0 0
. 0  - 2 1 6 . 2  0 . 0  0 . 0  1 . 0  3 . 0
.0  - 2 1 6 . 2  0 . 0  0 . 0  1 . 0  0 . 3
.0  - 1 9 1 .2 6  0 . 0  0 . 0  0 . 6 6  .2 8 5 5
.0  - 2 1 3 . 2  0 . 0  0 . 0  0 . 0 0 2 5  5 . 0
.0  - 1 9 0 . 6  0 . 0  0 . 0  0 .0 0 2 5  5 . 0
1 5 . 0  - 1 5 . 0  1 5 . 0  - 1 8 5 . 5 5  - 1 8 5 . 5 4 5
.0  - 1 3 5 . 6  0 . 0  0 . 0  1 . 0  5 .
.0  - 1 3 5 . 6  0 . 0  0 . 0  1 . 0  2 . 0
.0  - 7 5 . 6  0 . 0  0 . 0  0 . 0 0 2  5 . 0
.0  - 7 5 . 5  0 . 0  0 . 0  0 . 0 0 0 4  5 . 0
.0  - 1 5 . 6  0 . 0  0 . 0  7 . 8  5 . 0
.0  - 1 5 . 6  0 . 0  0 . 0  7 . 8  1 . 7
.0  - 7 . 8  0 . 0  0 . 0  0 . 8  3 . 0
.0  - 7 . 8  0 . 0  0 . 0  0 . 8  0 . 2
. 0  - 6 . 9  0 . 0  0 . 0  0 . 2 5  3 . 0
.0  - 0 . 0 1 0 0 1  0 . 0  0 . 0  0 . 0 1  4 . 0
R e g io n s
BLl
AR2
V03
TRI
TR2
TR3
TR4
TR5
TR6
TR7
TR8
TR9
TRIO
T R ll
TR12
TR13
TRI 4
TR15
BRI
,. +___ 2 ____+____3 ____+____ 4 . . . . _+ ____5 ____+____6 ____+____7 . . .
5 +B1 -B2
5 +B2 -B3 -B 9  -BIO - B 1 2  -B 13  -B 14  -B 1 6  -B 18  -B 2 0  +PL1 | +B2 -B4
-P L I +PL16 I +B2 -PL 16
5 +B3 -B 6  -B8 -B 19  -B5
5 +B4 -P L I  +PL2
5 +B4 -PL2 +PL3
5 +B4 -PL3 +PL4
5 +B4 -PL4 +PL5
5 +B4 -PL5 +PL6
5 +B4 -PL6 +PL7
5 +B4 -PL7 +PL8
5 +B4 -PL8 +PL9
5 +B4 -PL9 +PL10
5 +B4 -PLIO +PL11
5 +B4 - P L l l  +PL12
5 +B4 -PL12 +PL13
5 +B4 -PL13 +PL14
5 +B4 -PL14 +PL15
5 +B4 -PL15 +PL16
5 +B6 -B7
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HOV
BRS
BR2
BR3
BR4
MY 8
ALIO
PMll
HOI
H02
H03
FLl
FL2
KPT
MIC
END
GEOEND
5 +B7
5 +B8
5 +B10 - B l l
5 +B14 -B 15
5 +B16 -B 17
5 +B12
5 +B13
5 +B18
5 +B11
5 +B15
5 +B17
5 +B5
5 +B19
5 +B9
5 +B20
MATERIAL 0 . 0 0 1 2 2 5 26. A i r
MATERIAL 8 . 7 5 2 7 . BRASS
MATERIAL 3 0 . 0 6 6 . 0 7 . 1 4 28. ZINC
MATERIAL 1 . 4 2 29. KEPTON
MATERIAL 1 . 3 8 3 0 . MYLAR
MATERIAL 1 . 1 9 3 1 . PMMA
MATERIAL 1 . 0 3 2 . WATER
MATERIAL 2.9 3 3 . MICA
MATERIAL 9 . 0 1 8 . 9 9 8 4 1 . 6 9 6 3 4 . FLUORINE
LOW-MAT FLUORINE 9 . 1 9 . 296. FLUORINE
COMPOUND - . 1 1 1 8 9 4 HYDROGEN - 0 . 8 8 8 1 0 6 OXYGEN 0 . 0 WATER
COMPOUND - . 7 8 0 8 4 NITROGEN - . 2 9 4 7 OXYGEN - . 0 0 9 ARGONAir
COMPOUND - . 5 8 COPPER - . 3 LEAD - 0 . 1 2 ZINCBRASS
COMPOUND - 0 . 0 2 6 4 HYDROGEN - . 6 9 1 CARBON - . 0 7 3 3 NITROGENKEPTON
COMPOUND - 0 . 2 0 9 2 OXYGEN KEPTON
COMPOUND - . 0 4 1 9 5 HYDROGEN - . 6 2 5 0 1 CARBON - . 3 3 3 0 2 OXYGENMYLAR
COMPOUND - . 5 9 9 8 4 CARBON - . 0 8 5 3 8 HYDROGEN - . 3 1 9 6 1 OXYGENPMMA
COMPOUND - . 0 9 8 1 CALCIUM - . 0 4 6 HYDROGEN - . 2 0 3 ALUMINUMMICA
COMPOUND - . 4 7 3 5 OXYGEN - . 2 1 1 3 SILICON - . 0 9 5 FLUORINEMICA
AS SIGNMA BLCKHOLE BLl
ASSIGNMA VACUUM VO 3
AS SIGNMA WATER TRl TR15
AS SIGNMA A i r AR2
ASSIGNMA BRASS BR2
ASSIGNMA BRASS BR3
ASSIGNMA BRASS BR4
ASSIGNMA MYLAR MY 8
ASSIGNMA ALUMINUM ALIO
ASSIGNMA PMMA PMll
ASSIGNMA A i r HOI
ASSIGNMA A i r H02
ASSIGNMA A i r H03
ASSIGNMA VACUUM HOV
ASSIGNMA BRASS BRI
ASSIGNMA BRASS BRS
ASSIGNMA TUNGSTEN FLl
ASSIGNMA TUNGSTEN FL2
ASSIGNMA KEPTON KPT
ASSIGNMA MICA MIC
* s c o r i n g
* d o s e ,  f l u e n c e  and s p e c t r a
* . . + ____ 1 .  . . . + ____ 4 .  . . . . + ____6 .  . . . + ____7 .  . .
SCORE ENERGY BEAMPART PROTON
RANDOMIZ 1 . 0 . 0
USRBIN 1 1 . DOSE - 2 1 . 4 . 0 0 . 0 3 . ODose
USRBIN 0 . 0 0 . 0 0 . 0 1 . 0 1 . 0 3 0 0 . 0&
USRBIN 1 1 . PROTON - 2 2 . 4 . 0 0 . 0 3 . OProton
USRBIN 0 . 0 0 . 0 0 . 0 1 . 0 1 . 0 3 0 0 . 0&
USRBIN 1 1 . BEAMPART - 2 4 . 4 . 0 0 . 0 3 . OPrimary
USRBIN 0 . 0 0 . 0 0 . 0 1 . 0 1 . 0 300.&
USRTRACK 1 . PROTON - 2 5 . TRl 5 . 0 2 6 5 6 2 0 0 . P 0 - 0 . 1
USRTRACK 0 .0 6 2 2 0 . 0 &
USRTRACK 1 . PROTON - 2 6 . TR3 5 . 0 2 6 5 6 2 0 0 . P O .4 - 0 . 5
USRTRACK 0 . 0 6 2 2 0 . 0 &
USRTRACK 1 . PROTON - 2 7 . TR5 5 . 0 2 6 5 6 2 0 0 . P O .9 - 1
USRTRACK 0 . 0 6 2 2 0 . 0 &
USRTRACK 1 . PROTON - 2 8 . TR7 5 . 0 2 6 5 6 2 0 0 . P I . 4 - 1 . 5
USRTRACK 0 .0 6 2 2 0 . 0 &
USRTRACK 1. PROTON - 2 9 . TR9 5 . 0 2 6 5 6 2 0 0 . P 2 - 2 . 0
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USRTRACK 0 . 0 6 2 2 0 . 0 &
USRTRACK 1 . PROTON - 3 0 . T R ll 5 . 0 2 6 5 6 2 0 0 . P 2 . 4 - 2 . 5
USRTRACK 0 . 0 6 2 2 0 . 0 Si
USRTRACK 1 . PROTON - 3 1 . TR13 5 . 0 2 6 5 6 2 0 0 . P 2 . 6 - 2 . 7
USRTRACK 0 . 0 6 2 2 0 . 0 &
USRTRACK 1 . 4-HELIUM - 3 2 . TRl 5 . 0 2 6 5 6 2 0 0 . H 0 - 0 . 1
USRTRACK 0 . 0 6 2 2 0 . 0 S
USRTRACK 1 . 4-HELIUM - 3 3 . TR3 5 . 0 2 6 5 6 2 0 0 . HO.4 - 0 . 5
USRTRACK 0 .0 6 2 2 0 . 0 S
USRTRACK 1 . 4-HELIUM - 3 4 . TR5 5 . 0 2 6 5 6 2 0 0 . HO.9 - 1
USRTRACK 0 . 0 6 2 2 0 . 0 &
USRTRACK 1 . 4-HELIUM - 3 5 . TR7 5 . 0 2 6 5 6 2 0 0 . H I . 5 - 1 . 5
USRTRACK 0 . 0 6 2 2 0 . 0 &
USRTRACK 1 . 4 -HELIUM - 3 6 . TR9 5 . 0 2 6 5 6 2 0 0 . H 2 - 2 . 1
USRTRACK 0 . 0 6 2 2 0 . 0 S
USRTRACK 1 . 4 -HELIUM - 3 7 . T R ll 5 . 0 2 6 5 6 2 0 0 . H 2 . 4 - 2 . 5
USRTRACK 0 . 0 6 2 2 0 . 0 &
USRTRACK 1 . 4-HELIUM - 3 8 . TR13 5 . 0 2 6 5 6 2 0 0 . H 2 . 6 - 2 . 7
USRTRACK 0 . 0 6 2 2 0 . 0 s
START 1 0 0 0 0 0 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 1 0 0 0 0 0 0 .
STOP
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III. Materials card and elemental composition for materials that used 
in this study
A-150
MATERIAL
MATERIAL
COMPOUND
COMPOUND
LOW-MAT
9 . 0
- . 7 7 5 5 0 1
- . 0 3 5 0 5 7
FLOURINE
1 8 . 9 9 8 4
CARBON
NITROGEN
1 . 1 2 7
1 . 6 9 6
- . 1 0 1 3 2 7
- . 0 1 7 4 2 2
19 .
3 2 . 0
3 3 . 0  
HYDROGEN 
FLOURINE
2 9 6 .
- . 0 5 2 3 1 6
- . 0 1 8 3 7 8
A -1 5 0
FLOURINE
OXYGENA-150
CALCIUMA-150
FLUORINE
PMMA
MATERIAL 1 . 1 9 2 6 . 0 PMMA
COMPOUND - . 5 9 9 8 4 CARBON - . 0 8 0 5 3 8 HYDROGEN - . 3 1 9 6 1 OXYGENPMMA
PW
MATERIAL 1 . 0 1 3 3 4 . 0 PW
LOW-MAT CHLORINE 1 7 . 0 - 2 . 29 6 . CHLORINE
LOW-MAT BROMINE 3 5 . - 2 . 2 9 6 . BROMINE
COMPOUND - . 0 9 2 5 HYDROGEN - 0 . 1 7 9 4 OXYGEN - . 6 2 8 2 CARBONPW
COMPOUND - 0 . 0 1 NITROGEN - . 0 0 9 6 CHLORINE - . 0 7 9 5 CALCIÜMPW
COMPOUND - 3 . E - 4 BROMINE PW
PWDT
MATERIAL 1 .0 3 9 3 3 . 0 PWDT
MATERIAL 1 7 . 0 3 5 . 4 5 3 0 .0 0 3 2 1 4 0 . 0 CHLORINE
MATERIAL 5 . 0 1 0 . 8 1 2 . 3 4 4 1 . 0 BORON
LOW-MAT BORON 5 . - 2 . 2 9 6 . BORON
LOW-MAT CHLORINE 1 7 . 0 - 2 . 2 9 6 . CHLORINE
COMPOUND - . 0 7 4 HYDROGEN - 0 . 3 3 5 2 OXYGEN - . 4 6 7 CARBONPWDT
COMPOUND - . 0 1 5 6 NITROGEN - . 0 0 2 4 CHLORINE - 0 . 0 6 8 8 MAGNESIUPWDT
COMPOUND - 0 . 0 1 4 ALUMINUM - . 0 2 2 6 BORON PWDT
WTl
MATERIAL
MATERIAL
LOW-MAT
COMPOUND
COMPOUND
1 7 . 0
CHLORINE
- . 0 8 1
- 0 . 0 2 4
3 5 . 4 5 3
17 .
HYDROGEN
NITROGEN
1.02
0 . 0 0 3 2 1
-2 .
- . 1 9 9
- 0 . 0 0 1
3 3 . 0
4 0 . 0  
2 9 6 .
OXYGEN
CHLORINE
- . 6 7 2
- 0 . 0 2 3
WTl
CHLORINE
CHLORINE
CARBONWTl
CALCIUMWTl
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MATERIAL 2 . 9 3 3 . MICA
MATERIAL 9 . 0 1 8 . 9 9 8 4 1 .  696 3 4 . FLUORINE
LOW-MAT FLUORINE 9 . 1 9 . 296. FLUORINE
COMPOUND - . 0 9 8 1 CALCIUM - . 0 4 6 HYDROGEN - . 2 0 3 ALUMINUMMICA
COMPOUND - . 4 7 3 5 OXYGEN - . 2 1 1 3 SILICON - . 0 9 5 FLUORINEMICA
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A B S T R A C T
The accurate conversion of dose to various materials used in clinical proton dosimetry to dose-to-water is 
based on fluence correction factors, accounting for attenuation of primary protons and production of 
secondary particles due to non-elastic nuclear interactions. This work aims to investigate the depth dose 
distribution and the fluence correction with respect to water or graphite at water equivalent depths 
(WED) in different target materials relevant for dosimetry such as polymethyl methacrylate (PMMA), 
graphite, A-150, aluminium and copper at 60 and 200 MeV. This was done through a comparison between 
Monte Carlo simulation using MCNPX 2.5.0, analytical model calculations and experimental measure­
ments at Clatterbridge Centre of Oncology (CCD) in a 60 MeV modulated and un-modulated proton beam. 
MCNPX simulations indicated small fluence corrections for all materials with respect to graphite and 
water in 60 and 200 MeV except for aluminium. The analytical calculations showed an increase in the 
fluence correction factor to a few percent for all materials with respect to water at 200 MeV. The 
experimental measurements for 60 MeV un-modulated beam indicated a good agreement with MCNPX. 
For the modulated beam the fluence correction factor was found to be decreasing below unity by up to 
few percent with depth for aluminium and copper but almost constant and unity for A-150.
Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.
1. Introduction
In clinical proton dosimetry, absorbed dose to human tissue is 
expressed in terms of absorbed dose to water. However, absorbed 
dose is often measured in phantoms made of a different material 
than water. Dosimetry set-ups in water also involve the presence 
of non-water materials from the detectors.
To enable a dose conversion from any target material to water, 
the depth in the target material is converted to a water equivalent 
depth (WED) as recommended in lAEATRS-398 [1]. Simply, WED 
is obtained by taking the ratio of the continuous slowing down 
approximation (CSDA) ranges in water and the other material. 
This depth normalization process is required to account for 
the difference in elem ental com position and electron density 
between water and other materials. In general, dose conversion 
from a target material to water is performed at WEDs.
After this depth normalization process, the depth dose 
distribution at WEDs can still vary in different target materials.
* Corresponding author at: Physics Department, University of Surrey, 
Guildford, UK.
E-mail address: L.A1-Sulaiti@surrey.ac.uk (L. Al-Sulaiti).
This is primarily due to the non-elastic nuclear cross-sections 
being different in these materials, resulting in a different number 
o f protons lost as well as different production rates of secondary 
particles at WEDs [2,3]. This gives rise to a difference in the 
particle fluence present in the target material as compared to 
water, which can be corrected for by introducing a fluence 
correction factor.
The influence of non-elastic nuclear interaction and secondary 
particles on the dose conversion was studied by Monte Carlo 
simulation and experiment before for a few  target materials. 
Palmans et al. [4] found that the contribution of the fluence 
correction factor in plastic phantoms such as polymethyl metha­
crylate (PMMA) and polystyrene to the total dose is small (below  
1%) for low  clinical proton energies and becomes higher (2-5%) for 
high-energy protons. Paganetti [5] investigated various tissue 
materials and showed by Monte Carlo simulation that the dose 
to water was ~  10% higher than dose to bony anatomy. Thus, for 
dose conversion, not only water to medium stopping power ratios 
are essential but also fluence correction factors are important.
Water calorimeters provide a direct m easurem ent of absorbed 
dose to water but these instruments are cum bersom e to use and 
not portable. To overcome this problem an A-150 calorimeter was 
used in France [6] but no consideration was given to a potential
0168-9002 /$ -se e  front m atter Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved. 
doi:10.1016/j.nim a.2010.01.026
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fluence correction factor. At the National Physical Laboratory 
(NPL), a primary standard level portable graphite calorimeter for 
dosimetry in low-energy clinical proton beams was developed [7]. 
Palmans et al. found that the fluence correction factor for 
graphite-to-water dose conversion was close to unity up to 2 cm 
depth for a low-energy 60 MeV modulated proton beam [8].
The present study concentrates on quantifying dose differ­
ences in low- and high-energy protons due to non-elastic nuclear 
interactions in five materials of importance for calorimetry or 
dosimetry in general: graphite, PMMA, A-150 tissue equivalent 
plastic, aluminium and copper. The latter three materials, of 
relevance in both calorimetry and ion chamber dosimetry, were 
not investigated in the above mentioned references. This study 
aims at determining the fluence correction factor protons
at WEDs with respect to water or with respect to graphite. This is 
carried out by Monte Carlo simulations using MCNPX 2.5.0, by 
analytical model calculations using data from lCRU-49 [9] and 
ICRU-63 [10], and by experimental measurements at Clatter­
bridge Centre of Oncology (CCO) [11] in a 60 MeV modulated and 
un-modulated proton beams using ionization chambers.
2. Method and materials
2,1. Analytical calculations
were used to calculate proton attenuation and energy loss, 
respectively, during the simulation of proton transport. The 
physics model parameters were as follows: maximum energy of 
210 MeV, default cut-off energy of 1 MeV, CSDA for charged 
particle straggling and stop light ion recoil (default parameter).
2.3. Experimental measurements
The measurements were performed in the 60 MeV clinical 
proton beam at Clatterbridge CCO [11]. The beam with a circular 
lateral profile was collimated to 4 mm at isocentre using a brass 
collimator. The experiment was performed using both a 
full energy (un-modulated) beam and a full-modulated beam 
(modulated over the entire range). To ‘spread’ out the Bragg peak 
a spinning modulator wheel of varying thicknesses was situated 
upstream along the beam line. The modulator wheel chosen for 
this experiment resulted in a full-modulated beam, i.e. with a 
spread-out Bragg peak plateau extending from the surface until 
the deepest Bragg peak. A plane-parallel NACP 02 ionization 
chamber was placed at the beam isocentre which is about 7 cm 
away from the collimator, while another plane-parallel Roos 
ionization chamber was placed just after the collimator for 
monitoring purposes. Plates of different thickness of materials 
(graphite, aluminium, A-150 and copper) were positioned up­
stream of the NACP 02 chamber.
Analytical calculations of the energy loss distribution and 
proton attenuation for different materials (water, PMMA, A-150, 
graphite and aluminium) were performed to evaluate the fraction 
of the incident proton fluence absorbed as a function of depth (in 
multiple slabs) along its path. This was done in the continuous 
slowing down approximation without considering angular scat­
tering or energy straggling. Two initial energies Eq were chosen 
within the clinical proton energy range (60 and 200 MeV). For 
each slab with constant thickness Ad=0.01 mm, at depth d, the 
total mass stopping power, 5, was extracted from ICRU report 49 
[8] to calculate the energy loss, AE, per unit length using Eq. (1). 
This slowing down energy loss procedure was repeated until the 
proton’s kinetic energy became less than or equal to the cut-off 
energy. The total non-elastic cross-sections, c, from ICRU report 
63 [10] were used to evaluate the fraction of the proton number, 
N, being absorbed as a function of depth using Eq. (2). The fluence 
correction factor for a target material was obtained from the ratio 
of the proton attenuation in that material to the proton 
attenuation in water (at WEDs).
AE/i — pAdfi 0 )
N„=N„_ie-t^ ‘^'' (2)
The nuclear attenuation coefficient p  was calculated from the 
total non-elastic nuclear interaction cross-section as
NaMn — ^ n -lp -^
where Na is Avogadro’s number and A is the atomic weight of the 
entity for which the cross-section was calculated.
2.2. Monte Carlo simulations
Monte Carlo simulations of energy loss and proton attenuation 
in water, graphite, A-150, PMMA, aluminium and copper were 
performed using MCNPX 2.5.0 [12]. The simulations were done for 
60 and 200 MeV mono-energetic protons. The simulated phantom 
geometry was cylindrical. The LA150H library was used for the 
nuclear cross-section data. Tally 1 (current integrated over cell 
surface) and tally 6 (energy deposition averaged over the cell)
3. Results and discussion
The analytical calculation results for 200 MeV mono-energetic 
protons in different target materials are shown in Fig. 1. The 
difference in attenuation of the primary proton beam in Fig. la, is 
due to the non-elastic nuclear cross-section being different in 
these materials. Fig. la. demonstrates a reduction of the primary 
number of protons of about 20-30% at a depth of 25 cm resulting 
from the inclusion of nuclear interactions without production of 
secondary particles. This corresponds to about 1% attenuation per 
cm of water. The ratios of the fluence as a function of WED in 
Fig. lb & c yield fluence correction factors with respect to water 
that are increasing with depth while with respect to graphite they 
are systematically decreasing as a function of depth. The MCNPX 
simulation plotted in Fig. 2a shows the fluence correction factor to 
be close to unity. This indicates that the number of primary 
protons removed from the beam is compensated by secondary 
particle production at higher energies. The fluence correction 
factor with respect to graphite in Fig. 2b for 60 MeV is also almost 
unity for all materials up to 2 g/cm^.
In the experimental results, the range scaling factor for WED 
was determined at the distal edge where the dose dropped to 80% 
of the dose maximum since this assumed to correspond to the 
point where the number of protons drops to 50% of protons 
surviving the attenuation process [13]. Fig. 3 shows a difference in 
fluence correction for different materials as a function of depth. 
This is the result of the differences in non-elastic nuclear 
interactions since the stopping power ratios are assumed to be 
constant in the clinical energy range. For the un-modulated beam 
in Fig. 3a, it was observed that the fluence correction for A-150 
with respect to graphite was almost unity up to 2g/cm^ and 
slightly increasing at larger depths. For aluminium, however, it 
was decreasing by about 1% at a depth of 2g/cm^. This result 
agreed with the Monte Carlo simulation. For the modulated beam, 
the fluence correction factor was again slightly increasing but 
close to unity for A-150 and was decreasing by about 2% and 5% at 
2g/cm^ for aluminium and copper, respectively. Monte Carlo 
simulations were not performed yet for the modulated beam but a 
significant observation is that the correction factors for A150 and
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aluminium are almost identical in value for the non-modulated 
and the full-modulated beam. This can be understood since 
the cross-sections for non-elastic nuclear interactions and thus 
the contributions to the total dose are fairly constant (varying less 
than a factor of 2) as a function of energy w hile the stopping 
powers increase over more than an order of magnitude from the 
highest energy to the energies in the Bragg peak. Consequently, 
the contribution of secondary particles from non-elastic nuclear 
interactions is important close to the surface but gets negligible in 
the Bragg peak of a non-modulated beam. For a modulated beam, 
the dose close to the surface consists o f entrance plateau
contributions of the constituting depth dose curves, whereas at 
the distal edge the dose is dominated by the Bragg peak o f the 
deepest penetrating proton beam.
The uncertainty in general was small except at larger depths for 
the non-modulated beam (in the Bragg peak region). This was due 
to accumulated mass thickness uncertainties as well as due to the 
large gradient of the dose at Bragg peak region. For modulated 
beams the gradients are small so only the uncertainty on the 
accumulated mass thickness plays a significant role; and un­
certainty was taken into account for the local fluctuations (ripples) 
on the modulated depth dose profile.
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4. Conclusion A cknow ledgem ents
The analytical calculations indicate a loss of primary protons 
from the beam at a rate o f about 1% perg/cm^. The differences 
between the attenuations for the different materials studied  
resulted in fluence corrections of up to 7% at depths of 25 cm. The 
MCNPX simulations, on the other hand, indicated small fluence 
corrections for both energies. It was found that the fluence 
correction factor with respect to water was alm ost unity up to 
20 cm depth for 200 MeV for all materials except for aluminium. 
From these results it was concluded that the large attenuation of 
primary protons of A-150, PMMA and graphite compared to water 
was com pensated by a production of secondary particles. In 
addition, the fluence correction factor w ith respect to graphite 
was unity for A-150 and slightly decreased to about 0.99 at 2 cm  
water equivalent depth for aluminium and copper at 60 MeV.
The experimental results for the un-modulated beam showed  
good agreement with the MCNPX simulation for the range of 
materials com monly encountered in clinical proton dosimetry. 
The fluence correction factor w ith respect to graphite was unity 
for A-150 and less than 1% up to 2 g/cm^ range for aluminium. In 
the Bragg-peak region the experimental uncertainty becomes 
large and a comparison with the MCNPX results is difficult. For 
the modulated beam the fluence correction factors varied with  
depth in a very similar way to the non-modulated beam. This can 
be understood since the main contributions from nuclear 
interactions will happen at high-energies and thus close to the 
surface, both in modulated and non-m odulated beams.
In future work, the Monte Carlo simulations will be extended 
to modulated beams to enable a more rigorous comparison 
between simulations and experiment.
The authors are extrem ely thankful to the staff at the Douglas 
Cyclotron in the Clatterbridge Centre for Oncology for their 
helpful assistance and beam delivery and would like to express 
their gratitude to the Ministry of Environment, Qatar, for its 
support of Leena Al-Sulaiti.
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A B S T R A C T
Plastic-water phantom materials are not exactly water equivalent since they have a different elemental 
composition and different interaction cross sections for protons than water. Several studies of the water 
equivalence of plastic-water phantom materials have been reported for photon and electron beams, but 
none for clinical proton beams. In proton beams, the difference between non-elastic nuclear interac­
tions in plastic-water phantom materials compared to those in water should be considered. In this 
work, the water equivalence of Plastic Water® (PW)', Plastic Water®' Diagnostic Therapy (PWDT)' and 
solid water (WTl phantoms was studied for clinical proton energies of 60 MeV and 200 MeV. This was 
done by evaluating the fluence correction factor at equivalent depths; first with respect to water and 
then with respect to graphite by experiment and Monte Carlo (MC) simulations using FLUiCA. MC 
simulations showed that the fluence correction with respect to water was less than 0.5% up to the 
entire penetration depth of the protons at 60 MeV and less than 1% at 200 MeV up to 20 cm depth for 
PWDT, PW and WTl. With respect to graphite the fluence correction was about 0.5% for 60 MeV and 
about 4% for 200 MeV. The experimental results for modulated and un-modulated 60 MeV proton 
beams showed good agreement with the MC simulated fluence correction factors with respect to 
graphite deviating less than 1% from unity for the three plastic-water phantoms.
© 2012 Elsevier Ltd. All rights reserved.
1. Introduction
The use of plastic-water phantoms for reference dosimetry 
of radiotherapeutic proton beams is not recommended in the 
dosimetry code of practice IAEA TRS-398 (IAEA-TRS-398, 2000) 
since water-to-plastic fluence correction factors in proton beams 
are not known. However, for non-reference dosimetry, when 
accurate positioning of the chamber in a water phantom is 
difficult to achieve, they can be used as a substitute for a water 
phantom for depth dose distributions, quality assurance measure­
ments and treatment planning at energies below 100 MeV.
Plastic-water phantom materials are not exactly water equiva­
lent since they have a different elemental composition and 
different interaction cross sec tion s for p ro ton s  than water. 
Numerous experiments and Monte Carlo studies for the water 
equivalence of plastic-water phantoms have been reported for 
photon and electron beams (Mcewen, 2006; Seuntjens et al., 2005; 
Araki et al„ 2009) but none in clinical proton beams, in the latter.
* Corresponding author at: Physics Department. University of Surrey, Guildford, UK. 
E-mail address: l.al-sulaiti@surfey,ac.uk (L Al-Sulaiti).
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non-elastic nuclear interactions take place which could potentially 
influence the water equivalence.
If absorbed dose to plastic-water is obtained in the phantom, 
this should be converted to absorbed dose to water. The dose 
conversion procedures (IAEA-TRS-398, 2000) includes; determi­
nation of depth scaling factor, Cpi, water equivalent depths, dw-eq, 
stopping power ratios, s,v.p/, and fluence correction factors, kp, due 
to differences in non-elastic nuclear interactions of protons in 
plastic-water as compared to water. The determination of kjt 
for plastic-water materials is the purpose of this study. The 
influence of non-elastic nuclear interactions and secondary par­
ticle production to the total dose for 160 MeV protons in water 
was studied by Monte Carlo simulation and the contribution of 
secondary particles to the total dose was reported to be 10% In a 
spread-out Bragg peak (SOBP) (Paganetti, 2002) and from 16 to 
20% around the Bragg peak in a non-modulated proton beam 
(Matsuzaki et al„ 2010). Therefore it is important to consider the 
difference of the non-elastic nuclear interactions in plastic-water 
compared to water due to different element composition. The 
fluence correction factor, kp, for some solid materials and tissue- 
equivalent materials was experimentally studied compared to 
water (Schneider et al„ 2002; Palmans et al., 2002, 2010) and 
compared to graphite (AL-Sulaiti et al., 2010) as well as simulated
Please cite this article as: Al-Sulaiti, L, et al., Water equivalence o f some plastic-water phantom materials for clinical proton
beam dosimetry. AppI, Radiat, Isotopes (2012), doi:10.1016/j.apradiso.2012.02.002
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by Monte Carlo codes (Palmans et al., 2002; Palmans and 
Verhaegen, 2005; AL-Sulaiti et al., 2010; Palmans et al., 2010). 
The correction on the dose conversion due to the difference in the 
fluence in a graphite and a water phantom was found to be unity 
with an uncertainty of about 0.3% for 60 MeV protons (Palmans 
et al.. 2002).
In this study, the water equivalence for three plastic-water 
materials; Plastic Water^' (PW), Plastic Water® Diagnostic 
Therapy (PWDT) and WTl was studied. This was done by 
evaluating the fluence correction factor kfl at water equivalent 
depths; first with respect to water and then with respect to 
graphite since water-to-graphlte fluence correction factor were 
studied for 60 MeV protons in a previous study concerning the 
application of a graphite calorimeter to proton beam dosimetry 
(Palmans et al., 2002). In the present work Monte Carlo (MC) 
simulations were performed for 60 and 200 MeV beams and 
experiments at the Clatterbridge Center for Oncology (CCO) 
60 MeV un-modulated and full modulated beams (the latter refers 
to a modulation leading to an SOBP which extends from the surface 
to the distal edge).
2. Methodology
2,1. M onte Carlo simulation
FLUKA 2008.3c simulations (Fasso et al., 2005; Battistoni et al., 
2007) of dose distribution and fluence spectra were performed for 
both protons and secondary alpha particles in water, graphite and 
in three plastic-water phantom materials, PWDT, PW and WTl, in 
a cylindrical phantom of 4 cm radius. The simulations were done 
for 60 MeV and 200 MeV mono-energetic proton pencil beams 
and 10® protons histories for each material. Dose distributions in 
depth were scored by the USRBIN detector card in 0.1 mm bins. 
The fluence spectra were scored by the USRTRACK detector card 
in 200 energy bins. In order to calculate the fluence spectra as a 
function of depth, the phantom was split into several separated 
regions of 0.1 mm water-equivalent thickness and with each of these 
regions a USRTRACK detector was associated. For physics setting, 
the DEFAULTS card set to HADROTHErapy was used in which 
the charged particle transport threshold was 100 keV. In addition, 
the PHYSICS card was used and set to SDUM—EVAPORATion to use 
the new hadronic evaporation model with heavy fragment evapora­
tion and inclusion of heavy ion nuclear interactions.
The fluence correction factor was calculated by two methods 
(Palmans et al„ 2002); one was based on a dose ratio calculation 
using Eq. (1).
-  Pw(dw-eq)
where D; (^dw_eg) is the dose in the water phantom and Dp^dpi) is the 
dose in plastic phantom. Sw,pi is the water to plastic-water stopping 
power ratio at equivalent depths which was extracted from the 
FLUKA calculation.. The depth in the phantom, dpi, and the cone- 
sponding equivalent depth in water, div-eq, are related by Eq. (2).
d\v-eq — dpi • Cpi (2)
The range scaling factor, Cp,^rgo-w/f'so-pf. is the ratio of rgo-w 
and I'so-pi which are the ranges in water and plastic-water, 
respectively, where the dose at the distal edge of Bragg-peak 
dropped to 80% of the dose maximum.
In the second method, the fluence differential in energy (E) for 
protons and for secondary particles as a function of depth was 
simulated. The fluence correction factor in Eq. (3) is based on the 
calculated fluence spectra for all charged particle types, i. In 
this study, only the fluence spectra for protons and secondary
alpha particles for water, graphite and plastic-water materials at 
equivalent depths were simulated. The contributions of other 
secondary particles to the dose is negligible (Paganetti, 2002).
kfl ~ (3)
{Sei.i}p)w in Eq. (3) is the mass collision stopping power for water.
2.2. Experiments
Two sets of measurements (Fig. 1) were performed at the 
60 MeV clinical proton cyclotron in CCO: one to measure kp with 
respect to graphite and another with respect to water. The beam 
was collimated to a narrow field using a 4 mm diameter circular 
brass collimator. Both experiments were performed using the 
un-modulated beam and the full modulated beam. The latter was 
realized by using a PMMA modulator wheel to spread out the 
Bragg peak, i.e. with the plateau of the SOBP extending from the 
surface until the deepest Bragg peak. For the first experiment, 
a plane-parallel NACP 02 ionization chamber was placed at the 
beam isocentre which was about 7 cm away from the collimator 
'fixed source detector distance (SDD)’, while another plane-parallel 
Roos ionization chamber was placed just after the collimator for 
monitoring purposes. Plates of different thicknesses of graphite and 
plastic-water materials (PW, PWDT and WTl) were positioned 
up-stream of the NACP 02 chamber. The second experiment was 
performed for PWDT and water only. A similar setup was used but 
the NACP 02 chamber was placed at 10 cm away from the collimator 
instead of 7 cm due to the water phantom size. The water phantom 
with a thin MICA widow (0.1 mm or 0.24 mm water equivalent) was 
based on a plate which was adjusted to be moved forward and 
baclcward in 0.1 mm steps while the NACP 02 chamber remained in 
the same position. In this way the thickness of water upstream the 
chamber was accurately controlled.
The ratio of ionization chamber readings, Mw, in water phan­
tom and, Mp(, in plastic phantom at equivalent depths, which is 
defined as the fluence scaling factor, hpi, in the IAEA TRS-398 code 
of practice (IAEA-TRS-398, 2000), is equal to the fluence correc­
tion factor as defined above if the perturbation correction factors 
for the ionization chamber in both water and plastic phantoms 
are equal. Accepting this assumption, the fluence correction factor 
with respect to water at water equivalent depths, is given by
#05
10 cm 
Fixed SDD
# p s  Pliiet of i  materialMonitor
NACPÛ2
Fig. 1. Schematic diagram of the experimental set up for depth dose distribution 
in water (top) and graphite. PW, lAVDT and WTl plastic water phantoms (bottom) 
using 4 mm narrow proton beam at CCO, (Palmans et al., 2010).
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Eq. (4) and with respect to graphite at water equivaient depths, 
^kft. by Eq. (5). The range scaling factor was also here determined 
at the distal edge where the dose dropped to 80% of the dose 
maximum. Note, that the range scaling factor from the 
un-modulated beam was used for the modulated beam as well.
Mpi (4)
(5)
3. Results and discussion
3.1. Experimental results
Measured fluence correction factors at water equivalent depths 
with respect to water (Eq. (4)) for PWDT are shown in Fig. 2  and 
those with respect to graphite (Eq. (5)) for PWDT, PW and WTl are 
shown in Fig. 3. The fluence correction factor for PWDT with respect 
to water, "'kji, in Fig. 2a was about 0.5% above unity at the surface for 
both 60 MeV modulated and un-modulated beams. Given the fact 
that the fluence at the surface should be equal for all phantoms 
(absence of backscatter), the ratio of the measured ionization charge 
should be unity at the surface of the phantom. This observation 
value above unity could be due to a drift of the ratio of the fluence at 
the phantom position and the signal measured by the Roos chamber 
over the course of the measurement sequence. Note that the 
deviation from unity is only 0.3%. Thus, depth dose curves for water 
and PWDT were extrapolated at zero depth and the ratio was used 
to normalization the fluence correction factor. After normalization,
in Fig. 2b was almost unity for the un-modulated beam and less 
than 0.5% above unity for the modulated beam up to 2 g/cm^ water 
equivaient depth. The fluence correction factor with respect to 
graphite, ^kp, for un-modulated beams is shown in Fig. 3a. It was 
less than 1% different from unity up to 2 g /cn f water equivalent for 
the three plastic-water phantoms. In the modulated beam ^kp was
Btperiment- 60 MeV Un-modulated 
beam
— ^  imiiil P\ft/OX —■ •WTl
1.02 1
1.01 -
1.0 0 -
0.99-
0.98
0.0 0.5 1.0 1.5 2,0 2.5 3.0
(s/cm*) 
Experiment- 60 MeV modulated 
beam
•PW — i  WTl•PWDT
1 .02-1
1 .0 1 -
<  1.0 0 '
0.99'
0.98
0.0 0.5 1.0 1.5 2.0 2.5 3.0
(9 /cm )
Fig. 3. Fluence correction factor for PW, PWDT and WTl with respect to graphite 
in (a) the modulated and (b) the un modulated 60 MeV beam at the CCO 
cyclotron. The lines linking data points arc only provided as a guide for the eye.
also almost unity for PW and decreased with depth to less than 1% 
below unity for PWDT and WTl.
Both type-A and type-B uncertainties for the experimental 
results were in general small. However, for the un-modulated 
beam at the Bragg peak region the type-B uncertainty related to 
positioning uncertainties was larger due to the large local 
gradient and the accumulated mass thickness uncertainties.
1.01 -
1.0 0 -
0.99
Experiment - 60 MeV
■ • modulated 11.02-1
-  •□—  un-modulated
4 Î
i
I!
I
b
1
1.02-
Ï 1.01
0c
1 .00 1
0 .9 9 -i
0.0  0,5  1.0  1.5  2.0  2 .5  3.0
(g/cm*)
Experiment - 60 MeV
• • ■>• -modulated 
- - 0— un-modulated
t i
4 -
0.0 0.5 1.0 1.5 2.0 2.5 3.0
dti-eq (g/cm2)
Fig. 2. Fluence correction factor for PWDT with respect to water in 60 MeV 
modulated and un-modulated proton beams at the CCO cyclotron, (a) before 
normalization and (b) after normalization at the surface. The lines linking data 
points are only provided as a guide for the eye.
3.2. M onte Carlo results
The results of FLUKA simulations for 60 and 200 MeV mono- 
energetic beams in plastic-water phantoms were obtained via 
two methods: by calculating the dose ratio using Eq, (1) and by 
calculating the ratio of fluence spectra convolved with the water 
mass collision stopping powers using Eq, (4). The second method 
included two cases. In the first case the ratio was calculated for 
the proton fluence only while in the second case the calculation 
was extended to include the fluence of secondary alpha particles. 
From the results for 60 MeV protons plotted in Fig. 4, the 
observation was made that the considering only the proton 
fluence was almost unity up to the entire depth for all plastic- 
water phantoms, which indicates that the influence of primary 
and secondary protons on the value of"'k^ is very small. When the 
fluence of alpha particles was included in the calculation, '"'''kp at 
the surface lowered by about 0.2% but was, however, increasing 
up to unity at larger penetration depths. The latter, agreed with 
the calculation based on the dose ratio by Eq. (1 ). This deviation of 
the value below unity can be explained by the presence of 
carbon in plastic-water materials, as presented in Table 1, know­
ing that the alpha production cross-section is higher for carbon 
than for water especially at energies less than 60 MeV as shown 
in Fig. 6. Despite this difference, the '"'kp was almost unity for the 
three plastic-water phantoms over the entire depth in a 60 MeV 
mono-energetic proton beam.
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Fig. 5 shows the fluence correction factor with respect to 
graphite, ^kp, for 60 MeV protons. Similariy, it was observed that 
both calculation methods (the one which based on the dose ratio 
and the one based on the fluences of both proton and alpha 
particles) were matching. The differences from are that; (i) ^kp
a
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1.00
0.99
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—^ —  Fluence calculation (P)
M Fluence calculation (P+a)
& Dose calculation
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Fig. 4. FLUKA calculated fluence correction factors with respect to water for 
plastic-water phantoms, (a) PWDT, (b) PW and (c) WTl in a 60 MeV mono- 
energetic proton beam as a function of water equivalent depth.
had a value of about 0.5% above unity at the surface and (ii) the 
^kp decreased with penetration depth by about 0.5% for all plastic- 
water materiais in both methods.
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1.00
0.99
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Fig. 5. FLUKA calculated fluence correction factors with respect to graphite for 
plastic-water phantoms, (a) PWDT, (b) PW and (c) WTl in a 60 MeV mono- 
energetic proton beam as a function of water equivalent depth.
Table t
Elemental composition in terms of fraction by weight, mass density p. electron density, ranges and range scaling factor of plastic-water materials considered in this study.
Element Water WTl PW' PWDT''
H 0.8881 0.0810 0.0925 0.0740
B 0.0226
C 0.6720 0.6282 0.4670
N 0.0240 0.0100 0.0156
0 0.1118 0.1990 0.1794 0.3352
Mg 0.0688
At 0.0140
Cl 0.0010 0.0096 0.0024
Ca 0.0230 0.0795
Br 0.0003
P (g/cm^) 1.000 1.020 1.013 1.039
Electron density‘s (g ') 3.342 X 10^^ 3.248 X 10" 3.279 X 10" 3.217 X 10"
l-value’’ 75.32 70.20 71.83 77.02
rgo(60M eV)' 3,080 3.073 3.060 3.075
rso (200 MeV)' 25.88 25.86 25.77 25.90
Cp/ 1.002 1.005 0.998
* Elemental composition as given by (Tello et al., 1995).
Elemental composition as given by (Araki et al.. 2009).
‘ Electron density is given by Z[A)=Nf, E  w,
/-value is given by /nf=[E'V( Z/A|) /n/|/(Z/A) (ICRU-37,1984). 
'  Calculated range in FLUKA
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Fig. 6. Secondary alpha production cross-section per nucleon for different 
incident proton energy, from ICRU-63 (ICRU-63. 2000).
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Fig. 7. FLUKA calculated fluence correction factors with respect to water for 
plastic-water phantoms, (a) PWDT. (b) PW and (c) WTl in a 200 MeV mono- 
energetic proton beam as a function o f water equivalent depth.
For 200 MeV protons the "’k/j increased from about 0.5% below 
unity at the surface to about 1% above unity at 20 cm depth for all 
plastic water materials in both methods as described in Fig. 7. 
However, ^kp exhibits a different pattern. Fig. 8 shows that ^kp 
increased with depth in a rate of 0.1% per cm up to 10 cm, and at 
larger depths it decreased with a higher rate of about 0.35% per 
cm until 23 cm for the three plastic-water phantom. A previous 
analytical study for 200 MeV primary protons without secondary 
particle productions showed that ^kp was decreased with
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Fig. 8. FLUKA calculated fluence correction factors with respect to graphite for 
plastic-water phantoms, (a) PWDT. (b) PW and (c) WTl in a 200 MeV mono- 
energetic proton beam as a function o f water equivalent depth.
penetration depth in different target materials (AL-Sulaiti et a)., 
2010). Thus, for high proton energies the increase in ^kp at 
shallow depths of less than 10 cm indicates that the secondary 
proton production is higher in graphite than in plastic-water.
4. Conclusion
In this study, the water equivalence of the three plastic-water 
phantoms was investigated in term of the fluence correction 
factor for 60 MeV and 200 MeV proton beams. Both the experi­
ments and the Monte Carlo simulations demonstrated that the 
fluence correction factor with respect to water, ''"'kp, in 60 MeV 
protons for the three plastic water phantom was close to unity. 
However, at 200 MeV it increases up to 1%, Thus, for accurate 
measurements in radiotherapy planning and quality assurance 
measurements it is recommended to use a correction for the 
fluence for PW, PWDT and WTl in high energy beam.
The fluence correction factors with respect to graphite, ^kp, 
showed a good agreement between the experimental results for 
modulated and un-modulated 60 MeV beams and FLUKA simula­
tions yield values of ^kp deviating less than 1% from unity for 
the three plastic-water phantoms. Graphite has previously been 
shown to exhibit good water-equivalence at 60 MeV proton beam. 
At higher energies, the ^kp changes with penetration depth over a 
few percent and the fluence correction factors need to be applied for 
accurate dosimetry, e.g. when comparing absolute dosimetry using a 
graphite calorimeter with dosimetry in plastic-water phantoms.
Please cite this article as: Al-Sulaiti, L., et al.. Water equivalence of some plastic-water phantom materials for clinical proton
beam dosimetry, AppI. Radiat. Isotopes (2012), doi:10.1G16/j.apradiso.2012.02.002
L Af-Sidût/i et aL /  Applied Radiation and isotopes i  fim ) i i i - i i i
Acknowledgment
The authors are extremely thankful to the staff at the Douglas 
Cyclotron in the Clatterbridge Center for Oncology for their 
helpful assistance and beam delivery and would like to express 
their gratitude to the Ministry o f Environment, Qatar, for its support 
of Leena Al-Sulaiti.
References
AL-Sulaiti, L, Shipley, D„ Thomas, R-, Kacperek, A., Regan, P.M., Palmans, H., 2010. 
Water equivalence of various materials for clinical proton dosimetry by 
experiment and Monte Carlo simulation. Nucl. Instrum. Methods Phys. Res, 
Sect. A 519,344-347 .
Araki, P., H. Y., Fukuoka, M., Matsumoto, K„ Okumura, M.. Oguchi, H., 2009. Monte 
Carlo calculations of correction factors for plastic phantoms in clinical photon 
and electron beam dosimetry. Med. Phys. 36, 2992-3001.
Battistoni, G., S. M.. Sala, P.R., Cerutti, F., Ferrari. A., & Roesler, S.. A. F., Ranft, j„ 
2007. The FLUKA code: Description and benchmarking. Albrow M., Raja R, 
(Eds.), In; Proceedings of the Hadronic Shower Simulation Workshop 2006, 
Fermilab 6 -8  September 2006, AlP Conference Proceeding 896, pp. 31-49.
Fasso, P., Ranft, J. and Sala, P.R., 2005. FLUKA; a multi-particle transport code. CERN 
2005-10 (2005), INFN/rC_05/n, SIAC-R-773,
IAEA-TRS-398, 2000. Absorbed Dose Determination In External Beam Radio­
therapy; An International Code o f Practice for Dosimetry based on Standards of 
Absorbed Dose to Water. International atomic energy agency, Veinna TRS-398.
ICRU-63 2000. Nuclear data for neutron and proton radiotherapy and for radiation 
protection.: International Commission on Radiation Units and Measurements, 
Bethesda, MD, USA, Report 63.
ICRU'37, 1984. Stopping Powers and Ranges for Electrons and Positrons. Report 
37. International Commissions on Radiation Units and Measurements, 
Bethesda, MD, USA.
Matsuzaki, Y., Date, H., Sutherland, K, Kiyanagi, Y., 2010. Nuclear collision 
processes around the Bragg peak in proton therapy. Radiol. Phys. Technol. 3, 
84-92.
McEwen, M.R., Niven, D., 2006. Characterization o f the phantom material Virtual 
Water™ in high-energy photon and electron beams. Med. Phys. 3 3 ,876 -887 .
Paganetti, H., 2002. Nuclear interactions in proton therapy; dose and relative 
biological effect distributions originating from primary and secondary parti­
cles, Phys. Med. BioL 47.747.
Palmans, H., Verhaegen, F„ 2005. Assigning nonelastic nuclear interaction cross 
sections to Hounsfield units for Monte Carlo treatment planning of proton 
beams. Phys. Med. Biol, 50,991.
Palmans. H., Symons, j., Denis,)., DE Kock, E., Jones, D., Vynckier, S., 2002, Fluence 
correction factors in plastic phantoms for clinical proton beams. Phys. Med. 
Biol. 47, 3055.
Palmans. H., AL-Sualiti, L_, Andreo, P., Thomas, R., Shipley, D., Martinkovic, j. & A , K. 
2010. Conversion o f  dose-to-graphite to dose-to-water in a clinical proton 
beam. Standards, Applications and Quality Assurance in Medical Radiation 
Dosimetry, Vienna. Austria, lAEA-CN-182/277.
Schneider, U„ Pemler. P., Besserer. J„ Dellert, M.. Moosburger, M., DE Boer, 
j , Pedroni. E, Boehringer, T., 2002. The water equivalence o f solid materials 
used for dosimetry with small proton beams. Med, Phys. 29, 2946-2951.
Seuntjens,)., Olivares. M., Evans, M., Podgorsak, E., 2005. Absorbed dose to water 
reference dosimetry using solid phantoms in the context o f absorbed-dose 
protocols. Med. Phys. 32, 2945-2953.
Tello. V.M., Tailor, R.C„ Hanson, W.F., 1995. Hov/ water equivaient are water- 
equivalent solid materials for output calibration o f photon and electron- 
beams. Med. Phys. 22 ,1177-1189.
Please cite this article as: Al-Sulaiti, L., ec al„ Water equivalence of some plastic-water phantom materials for clinical proton
beam tfosimetry. AppI. Radiat. Isotopes (2012), doi;t0.10i6/j.apradisb,2012.b2.002.
Reproduced with permission of copyright owner. Further reproduction prohibited without permission.
